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ABSTRACT
T h is  D i s s e r t a t i o n  i s  m a in ly  c o n c e rn e d  w i th  t h e  t r a n s f e r  o f  
t r i p l e t  s t a t e  e n e rg y  by r a d i a t i o n l e s s  p r o c e s s e s .  T hese  p r o c e s s e s  a r e  
s t u d i e d  by means o f  t h e i r  e f f e c t s  on o b s e r v a b l e  r a d i a t i v e  e v e n t s .
Two m ain  a p p ro a c h e s  a r e  t a k e n  i n  t h e s e  s t u d i e s :
1) p h o s p h o re s c e n c e  and f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  a r e  employed
t o  d e te r m in e  i f  t h e r e  i s  q u e n c h in g  o r  i n t e r s y s t e m  c r o s s i n g  a t  e n e rg y  
l e v e l s  w hich a r e  h i g h e r  t h a n  t h e  g round v i b r a t i o n a l  l e v e l s  o f  t h e  
Sx a n d /o r  Ta e x c i t e d  s t a t e s  o f  m o le c u le s ;
2 ) lu m in e s c in g  s o l u t e s  i n  s o l i d  m a t r i c e s  a r e  s tu d i e d  by means o f  t h e  
t e m p e r a t u r e  d ependence  o f  t h e  p h o s p h o re s c e n c e  l i f e t i m e ;  t h i s  a p ­
p ro a c h  i s  u se d  in  t h r e e  d i f f e r e n t  ty p e s  o f  system :
a )  a r o m a t i c  s o l u t e s  i n  c r y s t a l l i n e  a ro m a t ic  s o l v e n t s ;
b )  a r o m a t i c  s o l u t e s  i n  p o ly m e th y lm e th a c r y l a t e  ( l u c i t e ) ;
c )  a r o m a t i c  s o l u t e s  in  a l c o h o l s .
The f i r s t  o f  t h e  two a p p r o a c h e s ,  t h e  s tu d y  o f  e x c i t a t i o n  
s p e c t r a ,  y i e l d e d  o n ly  m o d e r a te ly  good r e s u l t s .  I t  a p p e a r s  t h a t  t h e r e  
i s  c o n s i d e r a b l e  q u en ch in g  a t  l e v e l s  o f  h i g h e r  energy  t h a n  t h e  g round  
v i b r a t i o n a l  l e v e l s  o f  e x c i t e d  s t a t e s .
The second  o f  t h e  two a p p ro a c h e s  y i e l d e d  good r e s u l t s  i n  t h e  
c a s e  o f  t h e  m ixed c r y s t a l  s y s te m s .  I t  h a s  been  shown, q u i t e  c o n c l u s i v e l y ,  
t h a t  t h e  m ain  r a d i a t i o n l e s s  t r a n s f e r  o f  t r i p l e t  s t a t e  e n e rg y  i s  i n t e r -  
m o l e c u l a r ,  n o t  in t r a m o l e c u l a r .
Our ap p ro a c h  w i th  a ro m a t ic  s o l u t e s  in  p l a s t i c s  was p r o p e r :  
t h e r e i s , a s  i n  t h e  c a s e  o f  m ixed  c r y s t a l s ,  th e rm a l  t r a n s f e r  o f  t r i p l e t  
s t a t e  e n e rg y .  T h is  was n o t  d e m o n s t r a te d  by u s ,  how ever ,  b u t  by o t h e r s .
xi
The s tu d y  o f  a ro m a t ic  s o l u t e s  in  a l c o h o l i c  s o l v e n t s ,  t h e  
l a s t  t y p e  o f  sy s te m  d i s c u s s e d ,  m ere ly  p r o v id e s  a c o l l e c t i o n  o f  s t r a n g e  
d a t a  a b o u t  t h e  t e m p e r a t u r e  d ependence  o f  p h o s p h o re s c e n c e .
-gr
GENERAL INTRODUCTION
M o le c u la r  lu m in e s c e n c e  e n a b le s  t h e  i n v e s t i g a t o r  t o  s tu d y  n o t  
o n ly  t h e  e l e c t r o n i c  s t r u c t u r e  o f  c e r t a i n  m o le c u le s  b u t  a l s o  i n t e r m o l e -  
c u l a r  i n t e r a c t i o n s  e v id e n c e d  i n  s o l v e n t  e f f e c t s ,  i n  m o le c u la r  c o m p le x e s ,  
i n  p u re  and m ixed  c r y s t a l  s y s t e m s , i n  e x t e r n a l  h e a v y -a to m  s p i n - o r b i t  
c o u p l in g  e f f e c t s  -  t o  name b u t  a  few .
The phenomenon o f  m o le c u la r  lu m in e s c e n c e  i s  a  d i r e c t l y  o b s e r v ­
a b l e  e v e n t  w h ic h ,  b e c a u s e  o f  t h e  v a r i o u s  q u a l i t a t i v e  and q u a n t i t a t i v e  
ch an g es  t o  w h ich  i t  i s  s u b j e c t ,  f a c i l i t a t e s  t h e  s tu d y  o f  p r o c e s s e s  
w hich  a r e  n o t  th e m s e lv e s  d i r e c t l y  o b s e r v a b l e .  A c l a s s  o f  p r o c e s s e s  
w hich  i s  o f  t h i s  ty p e  and w h ich  i s  a l s o  o f  c e n t r a l  im p o r ta n c e  t o  t h e  
d i s p o s i t i o n  o f  e n e rg y  among e x c i t e d  e l e c t r o n i c  l e v e l s  i s  r a d i a t i o n l e s s  
t r a n s i t i o n s .  T h re e  im p o r ta n t  t h e o r e t i c a l  p a p e r s 1-3  c o n c e rn e d  w i th  non- 
r a d i a t i v e  t r a n s i t i o n s  have  a p p e a re d  r e c e n t l y ;  t h e s e  have  s t i m u l a t e d  
c o n s i d e r a b l e  i n t e r e s t  i n  e x p e r i m e n t a l  s t u d i e s  w h ich  p ro m ise  t o  p r o v id e  
a b e t t e r  u n d e r s t a n d i n g  o f  t h i s  t y p e  o f  d e p l e t i v e  e v e n t .  T h i s  D i s s e r t a ­
t i o n  i s ,  a t  l e a s t  p a r t i a l l y ,  an  o u tg ro w th  o f  t h i s  i n t e r e s t .  I t  i s  
t h o u g h t  t h a t  t h e  work r e p o r t e d  h e r e  w i l l  i n c r e a s e  c o n s i d e r a b l y  o u r  
s t o r e  o f  know ledge  c o n c e r n in g  n o n - r a d i a t i v e  q u e n c h in g  e v e n t s .
The work r e p o r t e d  h e r e  i s  c o n c e rn e d  a lm o s t  e x c l u s i v e l y  w i th  
t h e  t e m p e r a t u r e  d ependence  o f  p h o s p h o re s c e n c e  i n t e n s i t y  and l i f e t i m e .
The s p e c i f i c  o b j e c t  o f  t h i s  work i s  t o  p r o v id e  some u n d e r s t a n d in g  o f  
t h e s e  n o n - r a d i a t i v e  e v e n t s  w h ich  c o n n e c t  t h e  lo w e s t  t r i p l e t  s t a t e  t o  
t h e  g round  s i n g l e t  s t a t e ;  o t h e r  d e p l e t i v e  e v e n t s ,  ho w ev er ,  w i l l  be  
t o u c h e d  on from  t im e  t o  t im e .
1
CHAPTER I
FLUORESCENCE AND PHOSPHORESCENCE EXCITATION SPECTRA
1. I n t r o d u c t i o n
a )  G e n e ra l
An e x c i t a t i o n  s p e c t ru m  i s  a  s p e c t ru m  w hich  i s  made i n  t h e  f o l ­
lo w in g  m anner: t h e  i n t e n s i t y  o f  f l u o r e s c e n c e  ( o r  o f  p h o s p h o re s c e n c e )
from  an a g g r e g a t e  o f  lu m in e s c in g  m o le c u le s ,  a l l  o f  one k i n d ,  i s  p l o t t e d  
v e r s u s  t h e  w a v e - le n g th  ( o r  wave-number o r  r e c i p r o c a l  w a v e - le n g th )  o f  
a c o n s t a n t  i n t e n s i t y  e x c i t a t i o n  r a d i a t i o n .  The sp e c t ru m  w hich i s  made 
by  t h i s  m ethod can  shed  some l i g h t  on q u e s t i o n s  a b o u t  c e r t a i n  p r o c e s s e s  
w h ich  a r e  t h o u g h t  t o  o c c u r  i n t r a m o l e c u l a r l y  and r a d i a t i o n l e s s l y .
F l u o r e s c e n c e  and p h o s p h o re s c e n c e  quantum y i e l d s  h a v e  b e e n  
s t u d i e d  by P a r k e r  and  c o w o r k e r s 4"8 and by Weber and T e a l e 9 *10 . T h is  
work h a s  l e d  P a r k e r  e t  al .  t o  make e x c i t a t i o n  s p e c t r a  o f  b o th  ty p e s  o f  
lu m in e s c e n c e  i n  o r d e r  t o  com pare t h e i r  r e l a t i v e  quantum e f f i c i e n c i e s  
a t  d i f f e r e n t  e x c i t a t i o n  w a v e - l e n g th s .
b ) T heory
M o le c u le s  w h ich  a r e  c a p a b l e  o f  lu m in e s c in g  a r e  r e a d i l y  s u b j e c t e d  
t o  s t u d i e s  w h ich  employ e x c i t a t i o n  s p e c t r a .  F i g u r e  1 i l l u s t r a t e s ,  i n  
te rm s  o f  a J a b l o n s k i  d ia g ra m ,  a m o le c u le  w hich  can  b o th  f l u o r e s c e  and 
p h o s p h o re s c e .  F i g u r e  2 i s  a p o t e n t i a l  e n e rg y  d iag ram  showing t h e  
h i g h e r  v i b r a t i o n a l  l e v e l s  from  w hich  i n t e r s y s t e m  c r o s s i n g  and s i n g l e t  
and t r i p l e t  q u e n c h in g  may be  supposed  t o  o c c u r .  The m o le c u le  i s  ex ­
c i t e d  by means o f  I 0 t o  t h e  v i b r a t i o n a l  l e v e l s  o f  t h e  f i r s t  e x c i t e d  
s i n g l e t  s t a t e ;  t h i s  e n e rg y  may be  v i b r a t i o n a l l y  d e g ra d e d  t o  t h e  lo w e s t  
v i b r a t i o n a l  l e v e l  o f  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  from  w here  i t  may
2
FIGURE 1 J a b l o n s k i  d iag ra m  o f  a s im p le  sy s te m  c o n s i s t i n g  o f  a  s i n g l e t  
g round  s t a t e ,  So, o f  a  f i r s t  e x c i t e d  s i n g l e t  s t a t e ,  Sj_, and 
a  lo w e s t  t r i p l e t  s t a t e ,  T3... The a rrow s  r e p r e s e n t  t r a n s i t i o n  
p r o c e s s e s  and t h e  k ' s - o r  i n  one i n s t a n c e :  k^ [Q ] -  r e p r e s e n t  
t h e  f i r s t  o r d e r  r a t e  c o n s t a n t s  f o r  t h o s e  p r o c e s s e s .
3
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FIGURE 2 .  P o t e n t i a l  e n e rg y  c u rv e s  f o r  a  sy s te m  w hich  may u n d e rg o
q u e n c h in g  i n  h i g h e r  v i b r a t i o n a l  l e v e l s  o f  e i t h e r  t h e  f i r s t
e x c i t e d  s i n g l e t  o r  t h e  lo w e s t  e n e rg y  t r i p l e t  s t a t e .  The
symbol k + r e p r e s e n t s  t h e  r a t e  c o n s t a n t  f o r  i n t e r s y s t e m  xc
c r o s s i n g .
k
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fluoresce with rate constant k . However, this energy may also be con-
r
v e r t e d  to  h e a t  by an  i n t e r n a l  c o n v e r s i o n  p r o c e s s ;  t h e  r a t e  c o n s t a n t  f o r  
t h i s  p r o c e s s  i s  d e n o te d  k  . A t h i r d  p o s s i b i l i t y  i s  t h a t  t h i s  e n e rg y  
may p a s s  o v e r  t o  t h e  lo w e s t  t r i p l e t  s t a t e ;  t h i s  i n t e r s y s t e m  c r o s s i n g  
r a t e  c o n s t a n t  i s  d e n o te d  k  . T hese  a r e  t h e  o n ly  p o s t u l a t e d  d e p l e t i v e  
p r o c e s s e s  f o r  e n e rg y  i n  t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e  o f  " w e l l -  
b e h a v ed "  m o le c u le s .  T h a t  p o r t i o n  o f  t h e  en e rg y  w hich  a c h ie v e s  t h e  
t r i p l e t  s t a t e  i s  s u b j e c t  t o  f o u r  d e p l e t i v e  p r o c e s s e s :
1) The m o le c u le  may p h o s p h o r e s c e ;  t h e  r a t e  c o n s t a n t  f o r  t h i s  
p r o c e s s  i s  k p .
2 )  The t r i p l e t  s t a t e  e n e rg y  may be i n t e r n a l l y  q u e n c h ed ;  th e  
r a t e  c o n s t a n t  f o r  t h i s  p r o c e s s  i s  g iv e n  by kgp«
3 )  The t r i p l e t  e n e rg y  may a l s o  be e x t e r n a l l y  q u en ch ed .  The e x ­
t e n t  o f  such  an im p u r i t y  q u e n c h in g  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  
o f  t h e  i m p u r i t y ;  t h i s  p r o c e s s  p o s s e s s e s  a f i r s t  o r d e r  r a t e  c o n s t a n t  k ^ [ Q ] ,  
w here  [Q] d e n o te s  t h e  c o n c e n t r a t i o n  o f  t h e  i m p u r i t y .
4 )  Energy  may be  t h e r m a l ly  a c t i v a t e d  th ro u g h  s u c c e s s i v e l y  
h i g h e r  v i b r a t i o n a l  l e v e l s  o f  t h e  Tj. s t a t e  u n t i l  q u a s i - d e g e n e r a c y  w i t h  
t h e  z e r o - p o i n t  l e v e l  o f  t h e  S i  s t a t e  o b t a i n s .  Energy  t r a n s f e r  t h e n  
o c c u rs  t o  t h e  Sx s t a t e ,  whence i t  may u n d e rg o  i n t e r n a l  c o n v e r s i o n ,  f l u o ­
r e s c e n c e ,  e t c . ,  as  p r e v i o u s l y  s p e c i f i e d .  The r a t e  c o n s t a n t  f o r  t h i s  
t h e r m a l l y  a c t i v a t e d  e v e n t  i s  d e n o te d  k ^ .
The e f f i c i e n c i e s  o f  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  a r e  ex ­
p r e s s e d  a s  a  q u o t i e n t  o f  r a t e  c o n s t a n t s .  The e f f i c i e n c y  o f  f l u o r e s c e n c e
i s  r e p r e s e n t e d  by ft w here
F
6The symbol §g r e p r e s e n t s  t h e  e f f i c i e n c y  o f  s i n g l e t  f o r m a t i o n ;  i t  i s  a  
f u n c t i o n  o f  t h e  w a v e - le n g th  o f  I q , t h e  e x c i t i n g  l i g h t  i n t e n s i t y ,  and o f  
k  , t h e  r a t e  c o n s t a n t  f o r  t r i p l e t  s t a t e  t h e r m a l  a c t i v a t i o n .  A l l  t h e s eci
p r o c e s s e s  a r e  t a b u l a t e d  i n  T a b le  I .  The p h o s p h o re s c e n c e  e f f i c i e n c y ,  0p, 
i s  l i k e w i s e  a  q u o t i e n t  o f  such  te rm s :
k  $
0 =     ( 2 ) ■
P k P + k QP +  kQ C Q ] + k a  ‘
H e re ,  § d e o n te s  t h e  e f f i c i e n c y  o f  t r i p l e t  s t a t e  f o r m a t io n .
P r o v id e d  t h a t  a l l  d e p l e t i v e  p r o c e s s e s  have  b e e n  a c c o u n te d  f o r ,
t h e s e  two lu m in e s c e n c e  e f f i c i e n c i e s ,  0 and 0 , a r e  c o n s t a n t  q u a n t i t i e s
F P
when $ and $ , r e s p e c t i v e l y ,  a r e  c o n s t a n t .  I t  f o l l o w s  im m e d ia te ly  
b J.
t h a t  i f  l i g h t  e n e rg y  i s  a b s o rb e d  by an  a g g r e g a t e  o f  lu m in e s c in g  m o le ­
c u l e s ,  t h e  f r a c t i o n  o f  t h i s  en e rg y  t h a t  i s  t r a n s f o r m e d  i n t o  lu m in e s c e n c e  
w i l l  b e  a f i x e d  q u a n t i t y ,  p r o v id e d  t h e  e x c i t a t i o n  w a v e - le n g th  i s  n o t
c h a n g ed .  I t  i s  r e c o g n i z e d ,  how ever ,  t h a t  0 and 0 do v a r y  w i t h  e x c i t a -r P
t i o n  w a v e - l e n g th ,  f o r  t h e  a b s o r p t i o n  s p e c t ru m  c e r t a i n l y  i n f l u e n c e s  §
b
a n d ,  o f  c o u r s e ,  $ . The lu m in e s c e n c e  e f f i c i e n c i e s ,  0 and 0 , a r e  n o t  
I  F P
w a v e - le n g th  d e p e n d e n t  o t h e r  t h a n  th ro u g h  t h e  a b s o r p t i o n  s p e c t r u m ,  i f  
t h e  v a r i o u s  r a t e  c o n s t a n t s  a r e  in d e p e n d e n t  o f  w a v e - le n g th .  The s u g g e s ­
t i o n  th e n  a s s e r t s  i t s e l f  t h a t  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  m a y , ,  
u n d e r  c e r t a i n  c o n d i t i o n s , be  s e p a r a t e l y  m o n i to re d  t o  r e c o r d  t h e i r  i n t e n ­
s i t i e s  a s  a f u n c t i o n  o f  t h e  w a v e - le n g th  o f  t h e  e x c i t i n g  l i g h t .  P r o v id e d  
t h e  c o n d i t i o n s  m en t io n e d  above a r e  a t t a i n a b l e  t h e n  b o t h  e x c i t a t i o n  
s p e c t r a  s h o u ld  be i d e n t i c a l  and th e y  s h o u ld  r e p l i c a t e  t h e  a b s o r p t i o n  
s p e c t ru m  i f  we p o s s e s s  i d e a l i t y  ( o r  c o r r e c t  f o r  n o n - i d e a l i t y )  o f  p h o to -  
m u l t i p l i e r  tu b e  r e s p o n s e  and in s t r u m e n t  g e o m e try .
TABLE I
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S3_------------------ >. T^. I n t e r s y s t e m  c r o s s i n g  k
IC
Tx  >. Sx Therm al a c t i v a t i o n  t o  k
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8I t  i s  w e ll-k n o w n  t h a t  p h o t o m u l t i p l i e r  r e s p o n s e  i s  w a v e - le n g th
d e p e n d e n t .  I f  t h e  w a v e - le n g th  r e s p o n s e  c u rv e  i s  known t h i s  d e pendence
may be  c o r r e c t e d  f o r ;  i n f l u e n c e s  o f  in s t r u m e n t  geom etry  can  be t r e a t e d
s i m i l a r l y .  A no the r  c o n s i d e r a t i o n  i s  t h e  s p e c tru m  o f  t h e  e x c i t i n g  l i g h t
s o u r c e ,  t h e  o u t p u t  o f  w hich  m ust a l s o  be  known. T h is  o u t p u t  i s  c o n ta i n e d
i n  t h e  f a c t o r  0^. C o n s e q u e n t ly ,  t h i s  f a c t o r  m ust b e  c o r r e c t e d  so  t h a t
9 becomes d e p e n d e n t  o n ly  on t h e  a b s o r p t i o n  s p e c t ru m .F
The d ependence  o f  0 on t h e  a b s o r p t i o n  s p e c t ru m  may be  shown
i?
i n  t h e  f o l l o w i n g  m anne r .  The f l u o r e s c e n c e  i n t e n s i t y  i f  p r o p o r t i o n a l  t o  
t h e  amount o f  l i g h t  a b s o rb e d  by t h e  a g g r e g a t e  o f  lu m in e s c in g  m o le c u le s ;  
t h i s  i s  g iv e n  by t h e  e q u a t i o n
IF -  k ( l *  - 1X) . (3)
F a c t o r i n g  o u t  1 ^ ,  we g e t
'  k I o <l -  $  • «
o
However, l / ’f  i s  t h e  t r a n s m i t t a n c e  and i s  e x p re s s e d  by t h e  e q u a t i o n
^ = 10' e \ C . ( 5)
I Xo
f o r  an a b s o r p t i o n  p a t h l e n g t h  o f  1 cm. E q u a t io n  ( 5 ) e x p r e s s e s  t r a n s m i t ­
t a n c e  i n  te rm s  o f  t h e  m o la r  d e c a d ic  e x t i n c t i o n  c o e f f i c i e n t  o f  t h e  ab ­
s o r b i n g  s p e c i e s ,  s . ,  and t h e  c o n c e n t r a t i o n  o f  t h e  a b s o r b i n g - l u m in e s c i n g
A.
s o l u t e ,  c .  T h is  may b e  e x p r e s s e d  d i f f e r e n t l y  by s u b s t i t u t i n g  ( 5 ) i n t o  
(4 )  w i t h  t h e  f o l l o w in g  r e s u l t :
i F = ki£ (1 - 10" V ) .  (6)
F o r  s m a l l  e . c ,  t h e  f o l l o w i n g  a p p ro x im a t io n  may be made:K
1 -  10- e \ c =; 2.303  SjC ( 7 )
9S u b s t i t u t i n g  ( j )  i n t o  ( 6 ) g iv e s
( 8)
T h is  e q u a t i o n  s t a t e s  t h a t  t h e  i n t e n s i t y  o f  f l u o r e s c e n c e  from  an  a g g r e ­
g a t e  o f  m o le c u le s  w i l l  be  p r o p o r t i o n a l  t o  t h e  m o la r  e x t i n c t i o n  c o e f -
k  a r e  c o n s t a n t  f o r  a l l  X. A s i m i l a r  dev e lo p m en t may b e  made f o r  p h o s ­
p h o r e s c e n c e  i n t e n s i t y .  The v a l u e  o f  k  i n  t h i s  l a t t e r  i n s t a n c e  w i l l  be  
d i f f e r e n t  from  t h e  f o r m e r ;  t h e  e q u a t i o n  may b e  e x p r e s s e d  as f o l l o w s :
lu m in e s c in g  m o le c u le s .  By " w e l l - b e h a v e d "  one  means t h a t  o n ly  t h e  
p r o c e s s e s  w hich  a r e  p o s t u l a t e d  i n  T a b le  I  o c c u r .  P e rh a p s  o t h e r  p r o ­
c e s s e s ,  n o t  s t a t e d  i n  T a b le  1 ,  o c c u r .  An exam ple  o f  su ch  a  p r o c e s s  i s  
t h e  q u en ch in g  o f  s i n g l e t  s t a t e  e n e rg y  from  h i g h e r  e n e rg y  v i b r a t i o n a l  
l e v e l s  o f  t h e  Sa s t a t e .  P r o c e s s e s  o f  i n t e r s y s t e m  c r o s s i n g  from  h i g h e r  
e n e rg y  v i b r a t i o n a l  l e v e l s  o f  a r e  a l s o  f e a s i b l e .  T hese  a d d i t i o n a l  
p r o c e s s e s  a r e  s h o rn  by a rro w s  i n  F i g u r e  2 .  The r a t e  c o n s t a n t s  a r e  
a l s o  g iv e n  f o r  t h e s e  p r o c e s s e s  i n  F i g u r e  2 .  S h o u ld ,  f o r  some p a r t i ­
c u l a r  w a v e - l e n g th ,  a  c o n s t a n t  such  a s  k '  > t h e  c o n s t a n t  f o r  s i n g l e tQb
s t a t e  q u e n c h in g  a t  a  h i g h e r  v i b r a t i o n a l  l e v e l )  become o p e r a t i v e  t h i s
w ould  a l t e r  t h e  v a lu e  o f  0 ; k '  would  h a v e  t o  b e  added t o  t h e  deno-r Qo
m in a to r  o f  e q u a t i o n  ( l ) .  E q u a t io n  (2 )  would  s i m i l a r l y  b e  a l t e r e d  by 
^QT’ t ^ e c o n s t a n t  f ° r  t r i p l e t  s t a t e  q u e n c h in g  a t  some h i g h e r  v i b r a ­
t i o n a l  l e v e l  o f  T1# I f  su c h  p r o c e s s e s  be o p e r a t i v e ,  t h e  e x c i t a t i o n
f i c i e n t  i f  t h e  c o n c e n t r a t i o n  i s  h e l d  s m a l l  and c o n s t a n t ,  and i f  1^ ando
(9 )
c )  L i m i t a t i o n s  o f  t h e  t h e o r y
The c o n s i d e r a t i o n s  above a r e  v a l i d  f o r  " w e l l - b e h a v e d "
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s p e c t r u m ,  w h e th e r  o f  p h o s p h o re s c e n c e  o r  f l u o r e s c e n c e ,  w i l l  n o t  r e p l i ­
c a t e  e a ch  o t h e r  o r  t h e  a b s o r p t i o n  s p e c t ru m .  P a r k e r  and H a tc h a r d 4 r e ­
p o r t  t h a t  s u c h  b e h a v io r  h a s  b e e n  s e e n  by B aue r  and B a c z y n sk i  when 
s t u d y i n g  f l u o r e s c e i n  i n  b o r i c  a c i d  g l a s s .  P a r k e r  and H a tc h a r d 6 a l s o  
c l a i m  t o  o b s e r v e  su ch  b e h a v io r  i n  e o s in  s o l u t i o n s ,
d) S t a te m e n t  o f  t h e  p ro b le m
I f  one  w is h e s  t o  s tu d y  r a d i a t i o n l e s s  p r o c e s s e s  o f  lu m in e s c in g  
s o l u t e s  i n  com plex  sy s te m s  such  as  m ixed c r y s t a l ^  i t  i s  d e s i r a b l e  t o  
s e e  i f  t h e  s o l u t e  e x h i b i t s  i n t e r s y s t e m  c r o s s i n g  a n d / o r  q u e n c h in g  in  
h i g h e r  e n e rg y  v i b r a t i o n a l  l e v e l s .  I f  i t  does  n o t ,  t h e  lu m in e s c in g  
compound s h o u ld  y i e l d  an e x c i t a t i o n  s p e c t ru m  w hich  r e p l i c a t e s  t h e  ab­
s o r p t i o n  s p e c t r u m .
T h re e  com pounds, c h r y s e n e ,  benzophenone  and h e x a h e l i c e n e ,  w ere 
s t u d i e d  by means o f  e x c i t a t i o n  s p e c t r a .  C h ry sen e  was u s e d  i n  m ixed 
c r y s t a l  s t u d i e s ;  i t  i s  o f  im p o r ta n c e  t o  know i f  t h i s  compound c o u ld  
u n d e rg o  d e p l e t i v e  p r o c e s s e s  in  h i g h e r  v i b r a t i o n a l  l e v e l s  o f  t h e  lo w e s t  
e x c i t e d  s i n g l e t  a n d / o r  t r i p l e t  l e v e l s .  H e x a h e l i c e n e  i s  a  u n iq u e  com­
pound w hich  e x h i b i t s  D and L form s b e c a u s e  o f  i t s  h e l i c a l  s t r u c t u r e ;  
i t  i s  an  a r o m a t i c .  Benzophenone was f i r s t  s t u d i e d  t o  s e e  i f  s u f f i c i e n t  
s e n s i t i v i t y  c o u ld  be a t t a i n e d  w i t h  t h e  a v a i l a b l e  e q u ip m e n t ,  a s  w e l l  a s  t o  
s e e  i f  h i g h e r  e n e rg y  q u e n c h in g  p r o c e s s e s  o c c u r  i n  t h i s  m o le c u le .
2 .  E x p e r im e n ta l
a )  A p p a ra tu s
The a p p a r a t u s  employed i n  t h e s e  s t u d i e s  was an  A m inco -K eirs  
S p e c t r o p h o s p h o r i m e t e r . The sam p les  w ere  p u t  i n t o  q u a r t z  t u b e s  f o r  
s t u d y .  The t u b e s  h ad  an i n s i d e  d i a m e te r  o f  2mm. w here  t h e  e x c i t i n g
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l i g h t  im p in g ed .  L iq u id  n i t r o g e n  was u s e d  t o  s o l i d i f y  t h e  sam p les  t o  a 
g l a s s .  A q u a r t z  dewar c o n ta i n e d  t h e  l i q u i d  n i t r o g e n  w hich  k e p t  t h e  
t e m p e r a t u r e  o f  t h e  sam ple  a t  77° K w h i l e  m easu rem en ts  w ere  m ade. Q u a r tz  
t u b e s  and dew ars  w ere  o b t a i n e d  from  t h e  Am erican I n s t r u m e n t  Company.
T h is  q u a r t z  a p p a r a tu s  d id  n o t  l u m in e s c e .
b )  C hem ica ls
C hrysene  was o b t a i n e d  from  B. N. S r i n i v a s a n  who had  p u r i f i e d
i t  f o r  m ixed c r y s t a l  w ork . H e x a h e l i c e n e  was o b t a i n e d  from P r o f e s s o r  M.
Newman o f  The Ohio S t a t e  U n i v e r s i t y ,  i t  was u s e d  as  o b t a i n e d .  Benzo- 
phenone  was o b t a i n e d  v e r y  p u re  by t h e  employment o f  p r e p a r a t i v e  gas 
c h ro m a to g ra p h ic  t e c h n i q u e s .
The s o l v e n t s  w ere  p u r c h a s e d  from  t h e  Hartm ann-Leddon Company.
They w ere  t e s t e d  f o r  lu m in e s c e n c e  b e f o r e  u s e  i n  t h i s  w ork . I f  f l u o r e s c ­
in g  o r  p h o s p h o re s c in g  i m p u r i t i e s  w ere  found  t o  b e  p r e s e n t ,  t h e  s o l v e n t
/
was r e j e c t e d .
c )  P r e p a r a t i o n  o f  s o l u t i o n s
The a p p ro x im a t io n  o f  e q u a t i o n  (T)> nam ely
1 -  10" ec s: 2 .503  exc (7 )
i s  v a l i d  o n ly  when e.c a p p ro a c h e s  z e r o ;  t h e r e f o r e ,  a s  an a p p r o x im a t io n ,
A
ec may b e  a s  l a r g e  as 0 . 0 2 .  T h is  means t h a t  t h e  p r o d u c t  o f  t h e  m o la r  
e x t i n c t i o n  c o e f f i c i e n t ,  e^, and t h e  c o n c e n t r a t i o n ,  c ,  s h o u ld  n o t  ex c ee d  
0 . 0 2 .  T h is  r e s u l t s  i n  a  s o l u t i o n  w hich  h a s  a t r a n s m i t t a n c e  e q u a l  to  
0 . 9 5 .  S o l u t i o n s  w i t h  t h i s  t r a n s m i t t a n c e  w ere  p r e p a r e d  i n  o r d e r  t o  make 
f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a .  The s e l f - a b s o r p t i o n  o f  t h e  f l u o r e s -  
ce n ce  e m is s io n  by s o l u t e s  i s  a l s o  a  r e a s o n  why s o l u t i o n s  m u st  be  k e p t  
d i l u t e .
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P h o s p h o re s c e n c e  p r e s e n t s  no p rob lem  w i th  s e l f - a b s o r p t i o n  b u t  
t h e  a p p ro x im a t io n  o f  e q u a t i o n  ( 7 ) i s  v a l i d  o n ly  f o r  low c o n c e n t r a t i o n s  
t h e r e f o r e ,  t h e  s o l u t i o n  s t r e n g t h  s h o u ld  b e  such  t h a t  t h e  t r a n s m i t t a n c e  
a g a in  does  n o t  f a l l  b e lo w  0 . 9 5  so t h a t  e q u a t i o n  ( 7 ) i s  v a l i d ,
d )  C o r r e c t i o n  f a c t o r s  f o r  e x c i t a t i o n  s p e c t r a
1) L ig h t  s o u r c e .  L ig h t  s o u rc e  i n t e n s i t y  ch an g es  w i th  wave­
l e n g t h ;  t h e r e f o r e ,  a c o r r e c t i o n  f a c t o r  c u rv e  m ust be made f o r  t h i s  
v a r i a b l e .  A s t a n d a r d  p h o t o m u l t i p l i e r  tu b e  o f  known r e s p o n s e  c u rv e  i s  
u s e d .  Between t h e  p h o t o m u l t i p l i e r  tu b e  and th e  e x c i t a t i o n  m onochro­
m a to r  i s  a s l i t  a r r a n g e m e n t  t o  r e d u c e  t h e  amount o f  l i g h t  im p in g in g  on 
t h e  p h o t o m u l t i p l i e r  t u b e .  A sp e c t ru m  i s  made o f  t h e  l i g h t  s o u rc e  on 
a r e c o r d e r .  Two v a r i a b l e s  must be  c o r r e c t e d  f o r :
i )  The p h o t o m u l t i p l i e r  tu b e  r e s p o n s e ;  t h i s  c o r r e c t i o n  
f a c t o r  c u rv e  i s  g iv e n  i n  F i g u r e  3 .
i i )  The i n t e n s i t y  v a r i a t i o n  o f  t h e  s o u rc e  w i th  t h e  wave­
l e n g t h .
The f o l l o w i n g  e x p r e s s i o n  i s  g iv e n  f o r  m aking t h e s e  c o r r e c t i o n  f a c t o r s  
a t  a g iv e n  w a v e - le n g th ,
V A  = c > ( l 0 )
w here  R i s  t h e  p h o t o m u l t i p l i e r  tu b e  r e s p o n s e  f o r  t h a t  w a v e - le n g th  
A.
t a k e n  from t h e  r e s p o n s e  c u rv e  and I  i s  r e a d  from t h e  s p e c t ru m  o f  t h eA.
l i g h t  s o u r c e  made as  d e s c r i b e d  ab o v e .  The sym bol, f  , i s  t h e  c o r r e c -
A.
t i o n  f a c t o r  a t  w a v e - le n g th  X. The f a c t o r ,  c ,  i s  an a r b i t r a r y  number
w hich  i s  c h o sen  t o  f a c i l i t a t e  t h e  p l o t t i n g  o f  t h e  c o r r e c t i o n  c u r v e .
The w a v e - le n g th  r a n g e  o f  t h e  a b s o r p t i o n  s p e c t r a  o f  i n t e r e s t  h e r e  i s
c o v e re d  by t h e s e  c o r r e c t i o n  f a c t o r s .  The I  c o r r e c t i o n  f a c t o r  c u rv e
A.
i s  shown by F i g u r e  liv
FIGURE 5* P h o t o m u l t i p l i e r  tu b e  c o r r e c t i o n  f a c t o r  c u r v e  f o r  RCA 1P28.
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2)  S l i t s .  S l i t s  m ust som etim es be changed  d u r in g  t h e  c o u r s e  
o f  m aking  e x c i t a t i o n  s p e c t r a ;  c o n s e q u e n t l y ,  c o r r e c t i o n s  f o r  su ch  a 
change  m ust  be m ade. The d e t e r m i n a t i o n  o f  t h i s  f a c t o r  i s  done a f t e r  
t h e  e x c i t a t i o n  s p e c t ru m  h a s  b e e n  made and when i t  i s  known w hich  s l i t s  
had  b e e n  a l t e r e d .  A d e t e r g e n t  s o l u t i o n  i s  p u t  i n t o  t h e  sam ple  c o m p a r t­
m ent and t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t  i s  m ea su red  w i th  some - 
one o f  t h e  s l i t  a r r a n g e m e n ts  u se d  i n  m aking  t h e  e x c i t a t i o n  s p e c t ru m .
The i n t e n s i t y  i s  r e c o r d e d  and t h e  s l i t  a r ra n g e m e n t  i s  v a r i e d  i n  t h e  
same way a s  i t  was a l t e r e d  when m aking  t h e  e x c i t a t i o n  s p e c t ru m .  The 
i n t e n s i t y  a t  any one o f  t h e  s p e c i f i c  a r ra n g e m e n ts  may be c h o se n  as  t h e  
s t a n d a r d  t o  w hich  a l l  o t h e r s  a r e  t o  be  r e f e r r e d ;  t h e  c o r r e c t i o n  f a c t o r  
i s  t h e n  e a s i l y  d e te r m in e d  as  f o l l o w s :
I
s i
I s 2
w here  I  i s  t h e  i n t e n s i t y  th ro u g h  t h e  s l i t  a r r a n g e m e n t  t a k e n  as  a 
s i
s t a n d a r d ,  and I  i s  t h e  i n t e n s i t y  th ro u g h  a  d i f f e r e n t  s l i t  a r ra n g e m e n t  
S 2
and i s  t h e  i n t e n s i t y  t o  be  s t a n d a r d i z e d  by t h e  s l i t  c o r r e c t i o n  f a c t o r  f
3 ) E l e c t r o n i c  a m p l i f i c a t i o n .  On t h e  A m inco-K eirs  S p e c t r o p h o s -  
p h o r im e te r  a r e  two d e v ic e s  f o r  a m p l i f y in g  t h e  s i g n a l ,  t h e  m e te r  m u l t i p ­
l i e r ,  and t h e  s e n s i t i v i t y  c o n t r o l .  When m aking e x c i t a t i o n  s p e c t r a  i t  
i s  o f t e n  n e c e s s a r y  t o  change  t h e s e  by l a r g e  i n c r e m e n t s .  The m e te r  
m u l t i p l i e r  c o r r e c t i o n  f a c t o r  may be r e a d  d i r e c t l y  o f f  t h e  i n s t r u m e n t .  
The s e n s i t i v i t y  c o n t r o l  , ho w ev er ,  m ust be  c a l i b r a t e d ;  t h e  s e t t i n g  on 
t h e  knob goes  from  0 t o  I 5 as t h e  s i g n a l  a m p l i f i c a t i o n  goes  from  1 t o  
3 . 5 * C o r r e c t i o n  f a c t o r s  a r e  made f o r  t h i s  v a r i a b l e  a s  i n  e q u a t i o n  (10 )  
w here t h e  c u rv e  o f  a m p l i f i c a t i o n - o f - s i g n a l  v e r s u s  k n o b - s e t t i n g  i s
( 11)
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o b t a i n e d .  T h is  i s  a l s o  o b t a i n e d  by a m p l i f y in g  t h e  s c a t t e r e d  l i g h t  
i n t e n s i t y  s i g n a l  from  a  d e t e r g e n t  s o l u t i o n  and r e c o r d i n g  t h e  i n t e n s i t y  
f o r  e a c h  knob s e t t i n g .  The c o r r e c t i o n  c u rv e  i s  made a s  d e s c r i b e d  
a b o v e ;  t h e  c a l i b r a t i o n  c u r v e  i s  shown i n . F i g u r e  5 *
e )  O b ta in in g  an e x c i t a t i o n  s p e c t ru m  and how t o  c o r r e c t  i t
As s t a t e d  a b o v e ,  an  e x c i t a t i o n  sp e c t ru m  i s  o b t a i n e d  by m oni­
t o r i n g  p h o s p h o re s c e n c e  o r  f l u o r e s c e n c e  and r e c o r d in g  i t s  i n t e n s i t y  as  
a f u n c t i o n  o f  t h e  w a v e - le n g th  o f  t h e  e x c i t i n g  l i g h t .  C are  m ust be  
e x e r c i s e d  t o  p r e v e n t  s c a t t e r i n g  o f  t h e  e x c i t i n g  l i g h t  o n to  t h e  p h o to ­
t u b e .  T h is  d i f f i c u l t y  i s  e n c o u n te r e d  when m o n i to r in g  f l u o r e s c e n c e  
s i n c e  t h e  r o t a t i n g  p h o sp h o re s c o p e  " c a n "  c a n n o t  be  u s e d .  Sm all  s l i t s  
on t h e  e x c i t a t i o n  m onochrom ator  s i d e  o f  t h e  sam ple a i d  i n  r e d u c i n g  t h i s  
p ro b le m ;  s m a l l  s l i t s  h e r e ,  how ever ,  a r e  a l s o  n e c e s s a r y  i n  o r d e r  t o  ob­
t a i n  good e x c i t a t i o n  s p e c tru m  r e s o l u t i o n .  The s l i t s  on t h e  e m is s io n  
m onochrom ator  s i d e  o f  t h e  sam ple  a r e  opened  as w ide  a s  p o s s i b l e  t o  
c o l l e c t  a l l  t h e  a v a i l a b l e  l i g h t ;  t h i s  e n a b le s  t h e  e x p e r im e n te r  t o  keep  
e l e c t r o n i c  a m p l i f i c a t i o n  a n d ,  c o n s e q u e n t ly ,  t h e  s i g n a l - t o - n o i s e  r a t i o  
a t  a  low er  l e v e l .
The s p e c t ru m  w hich  i s  d e s i r e d  may have  t o  be  made i n  s e v e r a l  
s t e p s .  As was s e e n  e a r l i e r ,  t h e  p r o d u c t  ec s h o u ld  e q u a l  ~ 0 . 0 2 .
The v a l u e  o f  e may v a ry  by n e a r l y  f o u r  o r d e r s  o f  m ag n i tu d e  th r o u g h o u t  
t h e  a b s o r p t i o n  s p e c t ru m ,  n e c e s s i t a t i n g  t h e  p r e p a r a t i o n  o f  a  s o l u t i o n  
o f  d i f f e r e n t  c o n c e n t r a t i o n  f o r  e a ch  t r a n s i t i o n  e n v e lo p e .  T h u s ,  a n o th e r  
c o r r e c t i o n  f a c t o r  m ust be  a p p l i e d  t o  e a ch  e x c i t a t i o n  s p e c t ru m  so  a s  t o  
s t a n d a r d i z e  on a s i n g l e  s o l u t e  c o n c e n t r a t i o n .  I t  i s  u s u a l  t o  o v e r l a p  
w a v e - le n g th  r e g i o n s  w i th  i n f o r m a t io n  a b o u t  t h e  c o r r e s p o n d in g  e m is s io n  
i n t e n s i t i e s .  When a  g iv e n  w a v e - le n g th  r e g i o n  i s  c o v e re d  w i t h  two
FIGURE 5 . S e n s i t i v i t y  c o n t r o l  c o r r e c t i o n  f a c t o r  c u r v e .  A m erican I n ­
s t r u m e n t  Company S p e c t r o p h o s p h o r i m e t e r .
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e x c i t a t i o n  s p e c t r a  r e s u l t i n g  from c h a n g es  i n  c o n c e n t r a t i o n ,  t h e  low er  
c o n c e n t r a t i o n  s p e c t ru m  s h o u ld  b e  u s e d  a s  lo n g  a s  i n t e n s i t y  c a n  be  r e a d  
to  two s i g n i f i c a n t  f i g u r e s .
C o n c e n t r a t i o n ,  s e n s i t i v i t y ,  s l i t  w i d t h ,  and  m e te r  m u l t i p l i e r  
c o r r e c t i o n  f a c t o r s  s h o u ld  b e  t a b u l a t e d  a s  c o r r e c t i o n s  f o r  t h e  e m is s io n  
s p e c t ru m  c h o s e n .  The w a v e - le n g th s  w h ich  a r e  t a b u l a t e d  d i c t a t e  w h ich  
v a l u e s  o f  F i g u r e  4 ,  t h e  l i g h t  s o u rc e  i n t e n s i t y  c o r r e c t i o n  c u r v e ,  a r e  t o  
be u s e d .  The v a l u e s  from  F i g u r e  U a r e  t a b u l a t e d  f o r  t h a t  w a v e - le n g th .  
The c o r r e c t i o n  f a c t o r s  o f  F i g u r e  3 a r e  t o  b e  u s e d  o n ly  i f  t h e  wave­
l e n g t h  s e t t i n g  o f  t h e  e m is s io n  m onochrom ator  i s  c h a n g e d .  The e le m e n ts  
o f  t h e  rows ( a c r o s s )  a r e  m u l t i p l i e d  t o g e t h e r ;  t h i s  p r o d u c t  i s  t h e  c o r ­
r e c t e d  v a lu e s  o f  i n t e n s i t y .  When t h e s e  p r o d u c t s  a r e  p l o t t e d  a g a i n s t  
w a v e - l e n g th ,  t h e  r e s u l t  i s  an e x c i t a t i o n  s p e c t ru m .  M o le c u le s  w hich  
show no q u e n c h in g  n o r  i n t e r s y s t e m  c r o s s i n g  a t  h i g h e r  v i b r a t i o n a l  l e v e l s  
o f  e x c i t e d  s t a t e s  s h o u ld  h a v e  e x c i t a t i o n  s p e c t r a  w h ich  r e p l i c a t e  t h e i r  
a b s o r p t i o n  s p e c t r a .
3 . R e s u l t s  and D i s c u s s i o n
a )  Benzophenone
Benzophenone was s t u d i e d  by  m aking  e x c i t a t i o n  s p e c t r a  u s i n g  3“ 
m e th y lp e n ta n e  a s  t h e  s o l v e n t .  The c o r r e c t i o n  f a c t o r s  w ere  a p p l i e d  as  
d i s c u s s e d  in  t h e  e x p e r i m e n t a l  s e c t i o n .  The p h o s p h o re s c e n c e  p e a k  a t  
bh2 mp, ( F ig u r e  6 ) was m o n i to r e d .  Sm all  (0 . 5  mm) s l i t s  w ere  u se d  in  
t h e  e x c i t a t i o n  m onochrom ator  t o  im prove t h e  r e s o l u t i o n  o f  t h e  e x c i t a t i o n  
s p e c t ru m .  L a rg e  e m is s io n  s l i t s  w ere  u s e d  t o  g a t h e r  a s  much l i g h t  a s  
p o s s i b l e  from t h e  sa m p le .  ,
The f i n a l  c o r r e c t e d  c u rv e  i s  shown i n  F i g u r e  7« C om parison  o f  
F i g u r e  7 w i th  F i g u r e  8 ,  a room t e m p e r a t u r e  a b s o r p t i o n  s p e c t ru m  i n
FIGURE 6 Benzophenone i n  70$  e t h y l  a l c o h o l ,  30$ iso a m y l  a l c o h o l ;  
low r e s o l u t i o n  f o r  p h o s p h o re s c e n c e  e m is s io n  ( r i g h t ) ,  good 
r e s o l u t i o n  f o r  e x c i t a t i o n  s p e c t ru m  ( l e f t ) .
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FIGURE 7 . C o r r e c t e d  e x c i t a t i o n  s p e c t ru m  o f  benzophenone  i n  5 -m e th y l  
p e n ta n e .
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FIGURE 8 . Benzophenone a b s o r p t i o n  s p e c t ru m  in  c y c lo h e x a n e  a t  25°
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c y c lo h e x a n e  s o l v e n t ,  y i e l d s  t h e  f o l l o w i n g  r e s u l t s :
1) B oth  s o l v e n t s  a r e  s a t u r a t e d  h y d r o c a r b o n s ,  y e t  t h e r e  seems 
t o  be  a  s h i f t  to w a rd  s h o r t e r  w a v e - le n g th s  i n  t h e  e x c i t a t i o n  s p e c t ru m .
2 )  The i n t e n s i t y  r a t i o  o f  t h e  h i g h e s t  peak  o f  t h e  IT -* Tf* 
t r a n s i t i o n  t o  t h e  h i g h e s t  p e a k  o f  t h e  ft -* Tf* t r a n s i t i o n  i s  a b o u t  10s  i n  
t h e  a b s o r p t i o n  sp e c t ru m ;—t h e  e x c i t a t i o n  s p e c t ru m  y i e l d s  a  v a l u e  o f  ~20 .
3 )  T h e re  a r e  l i k e n e s s e s  i n  t h a t  t h e  h i g h e r  e n e rg y  Tt TP*" 
t f a n s i t i o n s  a r e  l a r g e  e n v e lo p e s  w hich  show no v i b r a t i o n a l  s t r u c t u r e  
w h i l e  b o th  ft -• TT* t r a n s i t i o n  e n v e lo p e s  show some v i b r a t i o n a l  s t r u c t u r e  
and h a v e  g e n e r a l l y  t h e  same s h a p e .  The l e s s e r  r e l a t i v e  i n t e n s i t y  o f  t h e  
Tf -♦ Tf* band  may t e n t a t i v e l y  b e  a t t r i b u t e d  t o  some q u e n c h in g  from  a h i g h e r  
v i b r a t i o n a l  l e v e l  o f  t h e  t r i p l e t  o r  from  t h e  s i n g l e t  TT -* Tf* s t a t e .  T h is  
m o le c u le  does  n o t  e x h i b i t  any f l u o r e s c e n c e ;  c o n s e q u e n t l y ,  s i n g l e t  s t a t e  
q u e n c h in g  a t  h i g h e r  v i b r a t i o n a l  l e v e l s  c a n n o t  be c h e c k e d .
b )  C h ry sen e
A good a b s o r p t i o n  s p e c t ru m  o f  c h r y s e n e  i n  n - h e p t a n e  i s  p r e s e n t e d  
i n  F i g u r e  9- The f l u o r e s c e n c e  s p e c t r u m ,  F i g u r e  1 0 ,  made w i th  t h e  Aminco 
S p e c t r o p h o s p h o r im e te r  i s  v e ry  w e l l  r e s o l v e d .  F i g u r e  11 i s  t h e  p h o s p h o re s ­
c e n c e  s p e c t ru m .  Two e x c i t a t i o n  s p e c t r a ,  one as  a  f u n c t i o n  o f  f l u o r e s c e n c e  
and t h e  o t h e r  a s  a  f u n c t i o n  o f  p h o s p h o r e s c e n c e ,  w ere  made and a r e  p r e ­
s e n t e d  a s  F i g u r e s  12 and 1 3 ,  r e s p e c t i v e l y .
Com parison  o f  F i g u r e s  9 j  1 2 ,  and 13 y i e l d s  t h e  f o l l o w i n g  r e s u l t s
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FIGURE 9 . C h rysene  a b s o r p t i o n  s p e c t ru m  i n  n - h e p t a n e  a t  25° C.
Y. T a n a k a ,  B u l l . Chem. S o c . J a p . , 3 8 ( 1 ) ,  86 ( 1965)*
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FIGURE 10 . T o t a l  lu m in e s c e n c e  s p e c t ru m  o f  c h ry s e n e  i n  EPA.
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FIGURE 11 . P h o s p h o re s c e n c e  o f  c h ry s e n e  i n  EPA w i th  p o o r ly  r e s o l v e d  
e x c i t a t i o n  s p e c t ru m .
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FIGURE 12 . C o r r e c t e d  e x c i t a t i o n  s p e c t ru m  o f  c h ry s e n e  f l u o r e s c e n c e .
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FIGURE l j .  C o r r e c t e d  e x c i t a t i o n  sp e c t ru m  o f  c h ry s e n e  p h o s p h o re s c e n c e .
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T h e re  i s ,  a p p a r e n t l y ,  c o n s i d e r a b l e  q u e n c h in g ;  h o w e v e r ,  t h e  f a c t  t h a t  
b o th  t h e  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  e x c i t a t i o n  s p e c t r a  a r e  q u i t e  
s i m i l a r  s u g g e s t s  t h a t  q u e n c h in g  o c c u r s  m o s t ly  i n  t h e  s i n g l e t  m a n i f o ld  
and l i t t l e  i n  t h e  t r i p l e t  m a n i f o ld  ( a p a r t  from  Tjl) .  F u r t h e r  c o n s i d e r a ­
t i o n  s u g g e s t s  t h a t  t h e  more p r o b a b l e  a  t r a n s i t i o n  i s ,  t h e  l e s s  w e l l  i t  
i s  r e p l i c a t e d  by an  e x c i t a t i o n  s p e c t ru m .  R eg ion  2 o f  F i g u r e  9 does  n o t  
a p p e a r  on e i t h e r  e x c i t a t i o n  s p e c t ru m  a l th o u g h  t h a t  w a v e - le n g th  r e g i o n  
was c o v e r e d .  These  s p e c t r a ,  w h i l e  f a r  from  e x a c t l y  r e p l i c a t i n g  t h e  
a b s o r p t i o n  s p e c t r u m ,  do show t h e  d i f f e r e n t  e l e c t r o n i c  t r a n s i t i o n s  q u i t e )  
w e l l .  The a g re e m e n t  be tw e en  t h e  two e x c i t a t i o n  s p e c t r a  i s  r e m a rk a b le  
and s t r o n g l y  i n d i c a t e s  s i n g l e t  s t a t e  q u e n c h in g ,
c )  H e x a h e l ic e n e
H e x a h e l i c e n e  was c h o sen  f o r  t h i s  s tu d y  b e c a u s e  i t  e x h i b i t s  
d e x t r o  and le v o  h e l i c a l  s t r u c t u r e .  I t  h a s  t h e  s t r u c t u r e  shown i n  
F i g u r e  l k .  T h is  s t r u c t u r e  may a f f e c t  r a d i a t i o n l e s s  t r a n s i t i o n s  from  
e x c i t e d  s t a t e s  t o  th e  g round  s t a t e .  These  t r a n s i t i o n s  s h o u ld  be  r e ­
f l e c t e d  in  an  e x c i t a t i o n  s p e c t ru m  w hich  i s  n o t  a r e p l i c a  o f  t h e  a b s o r p ­
t i o n  s p e c t ru m .
A b s o r p t io n  and e m is s io n  s p e c t r a  a r e  shown i n  F i g u r e  15* A 
s i n g l e  good e m is s io n  s p e c t ru m  was n o t  o b t a i n e d  i n  t h e  l a b o r a t o r y .  Low 
t e m p e r a t u r e  and room t e m p e r a t u r e  a b s o r p t i o n  s p e c t r a  w ere  o b t a i n e d  and 
a r e  shown i n  F i g u r e  16.
P h o s p h o re s c e n c e  e x c i t a t i o n  was done t h r e e  t i m e s ;  t h e  r e s u l t s  
a r e  shown i n  F i g u r e  17. They a r e  q u a l i t a t i v e l y  v e ry  s i m i l a r  t o  t h e  
a b s o r p t i o n  s p e c t ru m . Ex trem e d i f f i c u l t y  was e n c o u n te r e d  in  t h i s  e x p e r i ­
ment due t o  u n i d e n t i f i e d  lu m in e s c e n c e  , w hich  was p a r t l y  due t o  t h e  f i l t e r s
FIGURE 1 ^ . S t r u c t u r e  o f  t h e  a r o m a t i c  m o l e c u le ,  h e x a h e l i c e n e .
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FIGURE I 5 . (A) A b s o r p t io n  s p e c t ru m  o f  h e x a h e l i c e n e  in  d i e t h y l e t h e r  
a t  room t e m p e r a t u r e .
(B) T o t a l  e m is s io n  s p e c t ru m  o f  h e x a h e l i c e n e  a t  JJ° K i n  
i s o p e n t a n e / m e t h y lc y c lo h e x a n e  ( 1 : 14-) . S o u rc e :  R hodes ,
W. and Amr E l - F a y e d ,  M. F . ,  J .  M ol. S p e c . , ( 1962) .
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FIGURE 16. (A) A b s o r p t io n  s p e c t ru m  o f  h e x a h e l i c e n e ,  77° K i n  i s o p e n t a n e -  
3 - m e th y lp e n ta n e  ( 6 : 1 ) .
(B) Room t e m p e r a t u r e  a b s o r p t i o n  s p e c t ru m  i n  i s o p e n t a n e - J -  
m e th y lp e n ta n e  ( 6 : 1 ) .
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FIGURE 17 . C o r r e c t e d  e x c i t a t i o n  s p e c t ru m  o f  h e x a h e l i c e n e  i n  j j -m e th y l -  
p e n ta n e  a s  a  f u n c t i o n  o f  p h o s p h o re s c e n c e  a t  J 7 °  K.
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u s e d ,  a s  w e l l  a s  t o  lu m in e s c e n c e  from  i m p u r i t i e s .  The t r a n s i t i o n  a t  
an  e n e rg y  o f  ~  28kK shows an i n t e n s i t y  ro u g h ly  102 t im e s  t h e  i n t e n s i t y  
o f  t h e  band a t  e n e rg y  low er  t h a n  28 kK.
Only one f l u o r e s c e n c e  e x c i t a t i o n  s p e c t ru m  was made; i t  i s  g iv e n  
i n  F ig u r e  1 8 .  T h is  s p e c t ru m  i s  n o t  a  good o n e ;  t h e  f l u o r e s c e n c e  s i g n a l  
was v e ry  weak and a  f i l t e r  was n e c e s s a r y  i n  f r o n t  o f  t h e  p h o t o m u l t i p l i e r  
t u b e .  The s i g n a l - t o - n o i s e  r a t i o  was so p o o r  t h a t  t h e  s p e c t ru m  i s  a lm o s t  
u s e l e s s .  The h i g h e r  e n e rg y  t r a n s i t i o n  e x h i b i t s  up t o  36 kK an i n t e n s i t y  
r a t i o  o v e r  t h a t  o f  t h e  low er  e n e rg y  t r a n s i t i o n  o f  a b o u t  102 : 1 .  At 
e n e r g i e s  h i g h e r  t h a n  36 kK no r e l i a b i l i t y  c a n  be  p l a c e d  on t h e  c u r v e .
b. C o n c lu s io n s
T hese  e x p e r im e n t s  w i th  e x c i t a t i o n  s p e c t r a  h a v e ,  i n  t h e  m a in ,  r e ­
s u l t e d  i n  i n f o r m a t i o n  w h ic h ,  i t  m ig h t  be  s a i d ,  i s  q u i t e  e q u i v o c a l .  No 
e x c i t a t i o n  s p e c t r u m ,  w h e th e r  o f  p h o s p h o re s c e n c e  o r  o f  f l u o r e s c e n c e ,  
e x a c t l y  r e p l i c a t e d  t h e  a b s o r p t i o n  s p e c t ru m .  Some f a c t o r s  have  i n t e r ­
f e r e d  w hich c a u se d  a d e c r e a s e  i n  t h e  e x c i t a t i o n  e f f i c i e n c y  i n  t h e  h i g h e r  
e n e rg y  p a r t  o f  t h e  a b s o r p t i o n  e n v e lo p e .  T h is  may be  due t o  e x t e r n a l  
( i m p u r i t y )  q u e n c h in g .
I t  i s  o b v io u s  t h a t  e x t r e m e ly  c a r e f u l  work s h o u ld  be done w i t h  o t h e r  
v e ry  p u re  sy s te m s  i n  o r d e r  to  g a t h e r  more d a t a  from  w hich one may d e ­
duce  u n e q u iv o c a l l y  w h e th e r  t h e  s o l u t e  w i l l  y i e l d  an  e x c i t a t i o n  s p e c t ru m  
w hich  i s  i d e n t i c a l  t o  t h e  a b s o r p t i o n  s p e c t ru m .
I t  may a l s o  be  n o te d  from  t h e s e  e x p e r im e n t s  t h a t  t h e  e x c i t a t i o n  wave­
l e n g t h  s h o u ld  n o t  be changed  when m aking a s e r i e s  o f  l i f e t i m e  m e a s u re ­
m en ts  on a p a r t i c u l a r  s o l u t e - s o l v e n t  s y s te m ;  t h i s  c o u ld  change  r a t e s  a t  
w hich  q u e n c h in g  p r o c e s s e s  o c c u r  and in d u c e  an  a r t i f i c i a l  c hange  i n  t h e  
m easu red  l i f e t i m e .
FIGURE 18 . C orrected  e x c i t a t i o n  spectrum  o f  h e x a h e l ic e n e  in  3 “m eth y l -  
pentane  as a f u n c t io n  o f  f lu o r e s c e n c e  a t  77° K.
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CHAPTER I I
MIXED CRYSTALS
I .  I n tr o d u c t io n
a) General
An o r g a n ic  mixed c r y s t a l  system  i s  a pure c r y s t a l l i n e  s o l i d  
in t o  which a c e r t a i n  ( u s u a l l y  low) c o n c e n tr a t io n  o f  c r y s t a l l i n e  s o l u t e  
o f  h igh  p u r i ty  has been in tro d u ced  in  such  a way t h a t  th e  s o l u t e  i s  
u n iform ly  d i s t r i b u t e d  throughout th e  " s o lv e n t " .  In p r a c t i c e ,  th e  s o l ­
v en t  and s o l u t e  u s u a l ly  c o n s i s t  o f  lu m in e sc en t  m a t e r i a l s .  McClure11 
employed mixed c r y s t a l s  in  order  to  g e n e r a te  an o r ie n t e d  gas array o f  
s o l u t e  s p e c i e s  fo r  a b so r p t io n  s t u d ie s  w ith  p o la r iz e d  l i g h t .  Many 
mixed c r y s t a l s  a l s o  e x h i b i t  an unusual b eh a v io r  in  t h a t  th e  l i f e t i m e  
o f  one o f  th e  f lu o r e s c e n c e  components i s  v e r y  long  l i v e d ;  i t s  l i f e ­
t im e ,  in  f a c t ,  i s  ap proxim ate ly  h a l f  t h a t  o f  th e  p h osp h orescen ce  l i f e ­
t im e .  T h is  p e c u l ia r  b eh a v io r  i s  c o n t r a s t e d  w ith  o rd in a ry  f lu o r e s c e n c e  
l i f e t i m e s  which are  u s u a l ly  in  th e  nanosecond ran ge . T h is  f lu o r e s c e n c e  
o f  anom alously  long  l i f e t i m e  was c o n se q u e n t ly  s t y l e d  "delayed" f l u o r e s ­
c e n c e .  This phenomenon was f i r s t  observed  by Sponer , Kanda.and B lack -  
w e l l , 12 and by Blake and M cClure;13 th e  f i r s t  i n t e r p r e t a t i o n  was pro­
v id e d  by Nieman and R o b in so n .1 4 *15 The f o l lo w in g  e x p la n a t io n  i s  now 
g e n e r a l ly  accep ted :  s in c e  phosp h orescen ce  i s  l o n g - l i v e d ,  d e layed
f lu o r e s c e n c e  must o r i g i n a t e  in  k i n e t i c  e v e n ts  i n v o lv in g  th e  t r i p l e t  
s t a t e ;  h e n c e ,  th e  con cep t  o f  t r i p l e t - t r i p l e t  a n n i h i l a t i o n  was deve lop ed  
as th e  n e c e s s a r y  p recu rsor  e v e n t  to  th e  p ro d u ct io n  o f  d e la y ed  f l u o r e s ­
c e n c e .  S e v e r a l  p a p e r s16"*22 in  which d e la y ed  f lu o r e s c e n c e  has been  
e x t e n s i v e l y  s tu d ie d  have appeared; t h e s e  have y i e l d e d  much in fo r m a tio n  
about th e  phenomenon o f  t r i p l e t - t r i p l e t  a n n i h i la t i o n  and i t s  a s s o c i a t e d
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r a d i a t i o n l e s s  r a t e  c o n s t a n t s .  The r a d i a t i o n l e s s  r a t e  c o n s t a n t s ,  how­
e v e r ,  w ere  n o t  e x p l i c i t l y  c o n s id e r e d  i n  any o f  t h e s e  i n v e s t i g a t i o n s ;  
i n d e e d ,  p h o s p h o re s c e n c e  was n o t  o f  any c e n t r a l  im p o r ta n c e  t o  much o f  
t h e  work r e p o r t e d .  In  t h i s  D i s s e r t a t i o n ,  p h o s p h o re s c e n c e  w i l l  b e  o f  
p r im a ry  im p o r ta n c e ;  more p a r t i c u l a r l y ,  p h o s p h o re s c e n c e  l i f e t i m e  and i n ­
t e n s i t y  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  w i l l  be  s t r e s s e d .  D e lay ed  f l u o r e s ­
c e n c e  w i l l  b e  employed h e r e  o n ly  t o  s u p p o r t  c e r t a i n  a s su m p t io n s  w hich  
we make a b o u t  t h e  t r i p l e t  s t a t e ,
b )  S ta te m e n t  o f  t h e  p rob lem
I n  t h e  c o u r s e  o f  s t u d y i n g  r a d i a t i o n l e s s  t r a n s i t i o n s ,  H a d le y ,
R a s t  and K e l l e r 23 c h o s e  t o  work w i th  m ixed c r y s t a l  s y s te m s .  T h e i r  a p ­
p ro a c h  t o  t h e s e  s t u d i e s  was by means o f  t h e  t e m p e r a tu r e  d ep en d en ce  o f  
t h e  p h o s p h o re s c e n c e  l i f e t i m e ,  f o r  i n  t h i s  way th e y  hoped  t o  d e te r m in e  
c o n c l u s i v e l y  w h e th e r  t h e  q u e n c h in g  o f  t h e  t r i p l e t  s t a t e  o f  t h e  g u e s t  
was an i n t r a m o l e c u l a r  p r o c e s s  o r  an  i n t e r m o l e c u l a r  o n e .
The p o t e n t i a l  en e rg y  c u rv e s  n e c e s s a r y  t o  t h e  d i s c u s s i o n  o f  t h e  
i n t r a m o l e c u l a r  p r o c e s s  a r e  i l l u s t r a t e d  i n  F ig u r e  19 . I f  t h e  p r o c e s s  
were  i n t r a m o l e c u l a r ,  a c t i v a t i o n  from  t h e  lo w e s t  t r i p l e t  s t a t e  o f  t h e  
m o le c u le  t o  t h e  g round s t a t e  would  i n v o lv e  t h e  a c q u i s i t i o n  o f  a  c e r t a i n  
amount o f  e n e r g y ,  E2 , w hich  would c o r r e s p o n d  to  an i n t e g r a l  m u l t i p l e  
o f  some fu n d a m e n ta l  m o le c u la r  v i b r a t i o n a l  f r e q u e n c y  ( . e . j j . , t h e  r i n g  
" b r e a t h i n g "  v i b r a t i o n  o f  an a r o m a t i c ) .  The a c q u i s i t i o n  o f  t h i s  e n e rg y  
i s  a  r a d i a t i o n l e s s  p r o c e s s ;  i t  may b e  subsumed i n t o  a  r a t e  e q u a t i o n  
su ch  as  t h e  f o l l o w i n g ,  w hich  H a d le y ,  R a s t  and K e l l e r  u s e d :
= CSJ f k°  +  k i  e x p ( - E x/k T )}  -  [ T j { k |  + k |  -exp)-E2/ k T ) } ,  (1 2 )
w here k °  i s  t h e  t e m p e r a t u r e - in d e p e n d e n t  r a t e  c o n s t a n t  from  t h e  g round
FIGURE 19 P o t e n t i a l  e n e rg y  c u r v e s  f o r  a sy s te m  showing a g round  
s i n g l e t  s t a t e ,  SQ, t h e  f i r s t  e x c i t e d  s i n g l e t  s t a t e ,  
and t h e  lo w e s t  t r i p l e t  s t a t e ,  T2 . E2 i s  t h e  e n e rg y  d i f ­
f e r e n c e  be tw e en  t h e  c r o s s - o v e r  p o i n t  o f  Tx w i th  Sq , and 
th e  lo w e s t  v i b r a t i o n a l  l e v e l  o f  t h e  t r i p l e t  s t a t e .
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v i b r a t i o n a l  l e v e l  o f  th e  lo w e s t  e x c i t e d  s i n g l e t  s t a t e  t o  th e  lo w e s t
t r i p l e t  s t a t e ;  th e  p r e -e x p o n e n t ia l  f a c t o r  f o r  th e  th erm a lly  a c t i v a t e d
p r o c e ss  from th e  lo w e s t  e x c i t e d  s i n g l e t  s t a t e  to  th e  lo w e s t  t r i p l e t
s t a t e  i s  g iv e n  by k f .  S i m i l a r l y ,  k g  i s  th e  tem perature  independent
r a t e  c o n s ta n t  from th e  lo w e s t  v i b r a t i o n a l  l e v e l  o f  th e  lo w e s t  t r i p l e t
s t a t e .  The c o n s t a n t ,  k g ,  i s  th e  sum o f  th e  r a t e  c o n s ta n t  o f  th e
Nn a tu r a l  r a d i a t i v e  decay p r o c e s s ,  kp , and th e  t r i p l e t  decay r a t e  c o n s ­
t a n t ,  k ° ,  f o r  th e  p r o c e ss  which d e p l e t e s  n o n - r a d i a t i v e ly  th e  t r i p l e t  
s t a t e  from th e  lo w e s t  v i b r a t i o n a l  l e v e l  o f  th e  lo w e s t  t r i p l e t  s t a t e .
The phosp h orescen ce  r a te  c o n s t a n t ,  kp , i s  g iv e n  by th e  second  e x p r e s ­
s io n  in  b r a c k e ts  above:
k p = k g  + k |  e x p ( - E 2/ k T ) .  ( 1 2 ' )
The q u a n t i t i e s ,  Ex and Eg, are  th e  a c t i v a t i o n  e n e r g ie s  in  th e  lo w e s t  
e x c i t e d  s i n g l e t  and lo w e s t  e x c i t e d  t r i p l e t  s t a t e ,  r e s p e c t i v e l y .  The 
q u a n t i ty  Eg, more p r e c i s e l y ,  r e p r e s e n t s  th e  d i f f e r e n c e  in  energy b e t -  
week th e  ground v i b r a t i o n a l  l e v e l  o f  th e  lo w e s t  e x c i t e d  t r i p l e t  s t a t e  
and th e  p o in t  where th e  lo w e s t  t r i p l e t  p o t e n t i a l  energy  s u r fa c e  m eets  
th e  p o t e n t i a l  energy s u r fa c e  o f  th e  ground s i n g l e t  s t a t e .  Thus, e x c i t ­
a t io n  and d e - e x c i t a t i o n  were presumed to  occur  by means o f  th e  p r o c e s s e s  
shown in  Table I I .
H ad ley , Rast and K e l l e r 23 concluded  from t h e i r  exper im en ts  t h a t  
th e  r a d i a t i o n l e s s  p r o c e ss  was intram o l e c u l a r , but th ey  d id  n o t  exc lu d e  
th e  p o s s i b i l i t y  t h a t  o th e r  u n s ta te d  p r o c e s s e s  m ight o c c u r .  The t h e s i s  
o f  t h i s  d i s c u s s i o n  i s  th a t  th e  p r o c e ss  which th ey  observed  i s ,  in  f a c t ,  
one o f  th e  u n s ta te d  p r o c e s s e s  - -  t h a t  t h e  p r o c e ss  i s  in term o l e c u l a r  and 
not intram o l e c u l a r .  T h is  p o s i t i o n  w i l l  be supported  by s u f f i c i e n t  e x ­
per im en ta l  e v id en ce  so as t o  con c lu d e  r a th e r  d e f i n i t e l y  t h a t  th e  p r o c e ss  
i s  in t e r m o le c u la r .
TABLE I I
PROCESS REMARKS RATE CONSTANT
1) S , > S F lu o rescen ce . k_/ 1 o F
2) S^ .-----------------> T  ^ In tersystem  c r o ss in g  from k°
ground v ib r a t io n a l l e v e l  o f  
f i r s t  e x c ite d  s in g le t  s t a t e  
to  ground t r i p l e t  s t a t e .
a -E i/kT
3 ) S*-----------------> T  ^ Thermally a c t iv a te d  p rocess k^ e
from e x c ite d  s in g le t  s t a t e  to  
low est t r i p l e t  s t a t e .
4) T^-----------------> Sq Decay o f  t r i p l e t  s t a t e  energy kp
by a l l  p r o c e sse s .
N
5 ) T -^---------------- > Sq Phosphorescence. kp
6 ) T^-----------------> S R a d ia t io n le ss  decay from k^
0  low est v ib r a t io n a l l e v e l .
7) Tl - g  S0  5 )  and 6 ) .  k^ = kp + k£
a -  E *->/kT
8 ) T*-—   ->  S* Thermal a c t iv a t io n  from k^ e  2
ground t r i p l e t  s t a t e .
9 )  >  Sq R a d i a t i o n l e s s .  decay  from  k'
e x c i t e d  s i n g l e t  s t a t e  t o  
g round  s i n g l e t  s t a t e .
o
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The k in e t ic  scheme which i s  the b a s is  for  the experim ental work 
on th e  lum inescence o f  mixed c r y s ta ls  has been worked out by S t e r n l ic h t ,  
Nieman and Robinson -*--5  and by Azumi and McGlynn. 1 6  The model co n sid ers  
a very sim ple system  c o n s is t in g  o f  a ground s in g le t  s t a t e ,  So, a f i r s t  
e x c ite d  s i n g le t  s t a t e ,  S1} and a low est t r i p l e t  s t a t e ,  T ^  A schem atic  
drawing o f  the model i s  p resen ted  in  F igure 20; th e  p ro cesses  supposed  
to  occur are i l lu s t r a t e d  and named. The p er tin en t k in e t ic  eq u ation s  
w i l l  now be d er ived .
c )  D er iv a tio n  o f  equations
Table I I I  l i s t s  the in te r a c t io n ,  names th a t in te r a c t io n  or pro­
c e s s  and g iv e s  th e  r a te  con stan t for  th a t p ro cess .
By employing th e  model i l lu s t r a t e d  in  Figure 20 and u sin g  the  
symbols g iven  fo r  th e r a te  c o n s ta n ts , the r a te  equations may be w r itte n  
as fo llo w s:
= Ro -  (K2 + k 2 ) [ S x ] + K ^ T i ] 2 (1 3 )
and
-  k a p i ]  - KgCTi] -  (2K4  + K5 ) [T^ 2  ( lk )dt
Under s te a d y -s ta te  c o n d it io n s , both equations may be s e t  equal to  zero . 
From (12) we may so lv e  for  [S jJ; t h is  y ie ld s  the equation:
M  + k t o)
S u b s titu t in g  t h is  exp ressio n  fo r  [S ^  in to  (l*+), we g e t the fo llo w in g  
r e s u lt :
d [Tj.] _ _ kgRp / kgK4
dt °  K^ ~ n rs  + ( K l +  k a  - 2K- '  K= > -  " a M  <l 6 >
As a s im p lif ic a t io n  fo r  ease  o f  w r it in g , we l e t  the fa c to r
FIGURE 20. Jab lon sk i diagram fo r  a sim ple system  c o n s is t in g  o f  S0 ,
S1} and T i as in  F igure 1 9 . Arrows rep resen t t r a n s it io n s  
and k ’s rep resen t r a te  co n sta n ts  fo r  each p r o c e ss .
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TABLE I I I
DEFINITION OF RATE CONSTANTS AND REMARKS THEREON
PROCESS3  RATE CONSTANT . REMARKS
(0 )  S +hv "♦ S, R O verall r a te  con stan tOG JL G O
( ! )  S1G -  SQG+hvf  k* R ad ia tive  “'N
/  K^
( I 1) S. S k- N on -rad ia tive  )1G OG JL —*
(2 ) ^1G k2 In tersystem  c r o ss in g
( 3 )  Tig  "* SOG+hvp k3 R ad ia tive
f K ^ * + k
(3 1) T^G*-> SQG k^ N on-radiative^ / J  J
(4 )  T* T- k '  exp(-AE/kT) Thermal a c t iv a t io n  and .1G IG 1H Qir____________________ _x energy tr a n s fe r
( 5 ) T +T, -  S +T, K. Energy tr a n sfe r  and an-
1H iG OH IG 4 n ih i la t io n  w ith  another
<6 > T1H+T 1G -  S 0H™ 1G K5 T 1G
a. S u bscrip t G and H stand fo r  gu est and h o s t ,  r e s p e c t iv e ly .
k2
The s te a d y -s ta te  co n cen tra tio n  o f  t r ip l e t s  i s  - a con stan t for  a p a r t i­
cu la r  system  under g iv en  e x c ita t io n  co n d itio n s  and i s  rep resen ted  by 
[Ti ]q ; th e r e fo r e , b efo re  decay b e g in s , the co n cen tra tion  o f t r ip l e t s  i s  
g iven  by
I I t k a k e R p K #
[ I i ] o .  (1 8 y
U S')
A gain, fo r  ease  o f  e x p r e ss io n , we l e t  
k £k sRo
K |(K X +  k j = K. (1 9 )
R ew riting ( 1 8 7) and co n sid er in g  on ly  th e p o s it iv e  square r o o t , we g e t
M o  = C(te +  1 ) *  -  ! ] •  ( 2 ° )
When (1 6 )  i s  rew r itten  u s in g  k s , we have
<16'>
where [T;iJ i s  the co n cen tra tio n  o f  t r ip l e t s  a f te r  e x c ita t io n  c u to f f  and 
i s  a v a r ia b le  q u a n tity . I t  i s  assumed th a t the e x c ita t io n  l ig h t  i s  
ex tin g u ish ed  a t a l l  tim es g rea ter  than zero . T h erefore, the behavior  
o f  Rq , th e  parameter which determ ines the ra te  o f  S i  production  v ia  
a b so rp tio n , i s  g iven  by th e  fo llo w in g  exp ression s:
[T i] = [T-l] o , Ro  ^ 0 when t  £ 0 ;
(2 1 )
[T i] = [T i] , Rq = 0 when t  ^ 0 .
kk
F or  n o n - s t e a d y - s t a t e  c o n d i t i o n s  when Rq = 0 and t  >  0 ,  we have  
t h e  f o l l o w i n g  d i f f e r e n t i a l  e q u a t i o n :
= -K3 [ T i ]  -  k e C T i]2 . 
Upon s e p a r a t i o n  o f  v a r i a b l e s ,  we have
 ~ - ^ 3 -------   = d t
KspCi] + kS [Ti]2 
From a t a b l e  o f  i n t e g r a l s ,  we s e e  t h a t
dx 1 * a  +  bx  =—  i n -----------
( 22)
(23).
(2b)x ( a  +  bx )  a
We a p p ly  t h i s  r e s u l t  t o  (2 2 )  and we g e t  t h e  f o l l o w i n g  d e f i n i t e  i n t e ­
g r a l  w i th  t h e  h e l p  o f  ( 21 ) :
‘ P i ]
Sn Ks + ks P i ]  
P i ]
= Kot
P i]o
(25)
The b o u n d a ry  c o n d i t i o n s  a r e :
P i ]  = °> when t  = °°, 
P i ]  = P l ] o » when t  = o 
C o m p le t in g  ( 25 ) ,  we g e t
^  1*3 + .k.6.P l ]  .  P l]o  _ K t
C P i ]  *3 + k s p i lo 1 Kst (26)
E x p r e s s in g  (2 6 )  i n  e x p o n e n t i a l  fo rm , we h a v e
K a + k s P i ]  P i]o
P i ] ^3 +  k 6 P i ] o
= exp (K3 t )
We may now l e t
k e P i ] o  
K3 +  k s p x l o  
K.
s  A
(27)
( 28)
M u l t i p l y i n g  b o t h  s i d e s  by r-1 , we g e t  t h e  f o l l o w i n g  r e s u l t :
K a A =  k3 P i ]o Kc
k 3 K3 +  k s C T i lo  K3 +  k s p i f c P i]o  = (1 - A )P i]o  (29)
I f  (2 7 )  i s  m u l t i p l i e d  by we g e t  t h e  f o l l o w i n g  r e s u l t :Ke
K3  +  k s T T i ]  k e C T i l o  ,  .  ,  .
W ]  • ■ -*<*•*> <5 0 )
S u b s t i t u t i n g  (2 8 )  i n t o  ( 3 0 ) ,  we g e t :  
Ks +  k s C T i]
k e [T i ] A = exp(K3 t )  (31 )
By f a c t o r i n g  v j - ■■ from  ( 3 i ) »  we h a v e  
U -iJ
(j“  A +  A [T ! ] )  = exp(K3 t )  (3 2 )
/  \  K 3From (2 9 )  we may s u b s t i t u t e  f o r  —  A:
C(1 -  A) [T i jo  + A[T! ] }  = exp(K3 t )  (3 3 )
A lg e b r a i c  m a n i p u la t i o n  y i e l d s  t h e  f o l l o w i n g  r e s u l t :
[T i] = 1 ~ A
[T jJq  exp(K3 t )  -  A (3*0
S in c e  t h e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  
c o n c e n t r a t i o n  o f  t r i p l e t s  i n  t h e  sy s te m  we may r e w r i t e  (3 ^) i n  t h e  f o l ­
lo w in g  m anner:
[T i ]o  exp(K3 t )  -  A ^ I 0 ; p 
I t  i s  d e s i r a b l e  t o  do t h i s  s i n c e  t h e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  i s  a
m e a s u r a b le  q u a n t i t y ,  w h e reas  t h e  c o n c e n t r a t i o n  o f  t r i p l e t s  i s  n o t .
I t  i s  i n t e r e s t i n g  t o  show how K, as  d e f i n e d  i n  (19)>  i s  r e l a t e d  
t o  A, a s  d e f i n e d  i n  ( 2 8 ) .  R e w r i t i n g  ( 2 8 ) ,  we h a v e :
A = k s ^T l ^   . ( 281 )
K3 +  k s C T i jo  ’  ^ °  '
Upon r e a r r a n g i n g  ( 28 ) ,  we g e t
K3 A +  keACTijo = k e C T i lo ,  ( 36 )
1*6
° r ,
A +  A[T l ]o = [ T i lo  , (3 7 )
k6
We now s u b s t i t u t e  t h e  q u a n t i t y . f o r  [T^Jo from  (20)  w i t h  t h e  f o l l o w i n g  
r e s u l t ,  a f t e r  c a n c e l l a t i o n  o f  common f a c t o r s :
A + |  (/1*K + 1’ -  1) = I  (/1*K + 1' -  1)  (3 8 )
M u l t i p ly i n g  th ro u g h  by  2 ,  we have
2A + A ( /4K  +  1' -  1) = /1*K +  1* -  1 ( 3 9 )
We may s i m p l i f y  t h e  l e f t - h a n d  s i d e  t o  f i n d :
A ( /4K  +  1' +  1) = /4 K  + 1' -  1 (1*0)
S o lv in g  f o r  A, we g e t
yl*K"+ l ' -  1
/1*K +  1* +  1
We have  now shown how t h e  p a r a m e te r  A i s  r e l a t e d  t o  t h e  p a r a m e te r  K.
Thus f a r  we h a v e  c o n s id e r e d  o n ly  t r i p l e t  s t a t e  d e c a y .  T u rn in g
t o  ( 1 3 ) ,  we h a v e
= Ro -  (K l +  k 2) [Sx3  +  K ^ T i ] 2 ( i y )
At t h e  moment o f  e x c i t a t i o n  c u t - o f f ,  we h a v e  Ro = 0 ;  s i n c e  no rm al f l u o r e s -
d Ts 1c e n c e  i s  v e ry  s h o r t - l i v e d ,  — ve r y  q u i c k l y  becomes z e ro  a f t e r  e x c i t a ­
t i o n  c u t - o f f ,  so  t h a t  we have  t h e  f o l l o w i n g  r e s u l t  from  ( 13) :
P i *  -  s t t t ;
A f t e r  norm al f l u o r e s c e n c e  h a s  d e c a y e d ,  t h e  f l u o r e s c e n c e  w h ich  i s  s t i l l  
o b s e rv e d  i s  due t o  t r i p l e t - t r i p l e t  a n n i h i l a t i o n .  F o r  t h i s  r e a s o n , - w e  
c o n c lu d e  t h a t  t h e  i n t e n s i t y  o f  t h e  r e s i d u a l  f l u o r e s c e n c e  ( d e l a y e d  
f l u o r e s c e n c e )  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  t r i p l e t s  s q u a re d :
hi
I DF oe [Tx]2 (43 )
We may th e n  s e t  up a  r a t i o  t o  e l i m i n a t e  t h e  c o n s t a n t s  o f  (4 2 )  w h i l e
Pr I
s u b s t i t u t i n g  f o r  :
L i  Jo
r-I-'i ( L -  a ) 2
lo  DF [exp(K3 t )  -  A ]^   ^ '
The e q u a t i o n  Of m ost im p o r ta n c e  i n  t h i s  w ork i s  (35)>  w hich  * 
s t a t e s  t h a t
= exp(K3 t )  -  A
The p a r a m e t e r ,  A, i s  a m easu re  o f  t h e  c o n t r i b u t i o n  o f  t h e  s e c o n d - o r d e r  
te rm  o f  (1 4 )  t o  t h e  r a t e  o f  d ecay  o f  t h e  t r i p l e t  s t a t e  c o n c e n t r a t i o n .
The s e c o n d - o r d e r  te rm  i s  c o n c e rn e d  s o l e l y  w i t h  t r i p l e t - t r i p l e t  a n n i h i l a ­
t i o n .  When t h e r e  i s  no a n n i h i l a t i o n  p r o c e s s e s ,  k 6 e q u a l s  z e ro  a n d ,  
c o n s e q u e n t l y ,  t h e  p a ra m e te r  A e q u a ls  z e ro  a l s o ,  so  t h a t
C ^ ) p = ex p (-K 3 t )  (45 )
I f  lo g  (— ) p l o t t e d  v e r s u s  t im e ,  a s t r a i g h t  l i n e  s h o u ld  r e s u l t ,  t h e  
•Lo P
s lo p e  o f  w hich  i s  -K3 . Only a t  low er  t e m p e r a t u r e s  i s  t h e  d ecay  c u r v e  
s t r a i g h t  f o r  a l l  v a lu e s  o f  t .  A f t e r  e x c i t a t i o n  c u t - o f f ,  A q u i c k l y  ap ­
p r o a c h e s  z e ro  so t h a t  (4 5 )  i s  s t i l l  v a l i d .  T h is  i s  t r u e  even  a t  h i g h e r  
t e m p e r a t u r e s  w here t h e  a n n i h i l a t i v e  p r o c e s s  i s  v e ry  a c t i v e .
F i g u r e  21 shows t h a t  s t r a i g h t  l i n e s  do r e s u l t .  T h is  f a c t  a l lo w s  
t h e  e x p e r im e n te r  t o  u s e  p h o s p h o re s c e n c e  d e c ay  and t h e r e f o r e  K3 a t  
h i g h e r  t e m p e r a t u r e s  i f  t h a t  p o r t i o n  o f  t h e  p h o s p h o re s c e n c e  decay  c u rv e  
i s  u s e d  w here  (3 5 )  c l o s e l y  a p p ro x im a te s  ( 4 5 ) .  T h is  i s  e x p e r i m e n t a l l y  
r e a l i z e d  i n  t h e  l o n g e r - t e r m  r e g i o n  o f  t h e  c u rv e s  o f  F i g u r e  21 .
FIGURE 21 Log ('7- )p p l o t t e d  a g a in s t  t im e fo r  v a r io u s  tem p era tu res .  
°
Temperature i n c r e a s e s  downward.
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d)  D i s c u s s i o n  o f  m odels  and p r o c e s s e s
The model i l l u s t r a t e d  by F i g u r e  2 0 ,  w hich  shows t h e  v a r i o u s  p r o ­
c e s s e s  n e c e s s a r y  t o  t h i s  m a th e m a t ic a l  d e v e lo p m e n t ,  i s  p ro b a b ly  o v e r ­
s i m p l i f i e d ;  i t  i s  n o t  s t r i c t l y  a p p l i c a b l e  t o  m ixed c r y s t a l  s y s te m s ,  f o r  
i n  su ch  sy s te m s  many m ore p r o c e s s e s  a s s u r e d l y  o c c u r .  However, t h e  
k i n e t i c  d e r i v a t i o n  c o n s i d e r s  o n ly  t h o s e  r a t e  d e te r m in in g  p r o c e s s e s  w hich  
we h a v e  a l r e a d y  s p e c i f i e d .  S t a t e s  h i g h e r  t h a n  t h e  f i r s t  e x c i t e d  s t a t e  
o f  a g iv e n  m u l t i p l i c i t y  m a n i f o ld  a r e  assumed t o  d e g ra d e  v e ry  f a s t  t o  t h e  
lo w e s t  e x c i t e d  s t a t e  o f  t h a t  m a n i f o ld .  T h is  i s  assumed t o  be  such  a 
f a s t  p r o c e s s  t h a t  i t  h a s  no e f f e c t  on t h e  k i n e t i c  d e v e lo p m e n t .  To 
v i s u a l i z e  t h e  l a r g e r  number o f  p r o c e s s e s  in v o lv e d  i n  a  m ixed c r y s t a l ,  a 
more d e t a i l e d  model i s  r e q u i r e d ;  such  a  model i s  g iv e n  by F i g u r e  22 .
I n  o r d e r  t o  be  a b l e  t o  p ro c e e d  w i th  t h e  d i s c u s s i o n  o f  m ixed 
c r y s t a l  sy s tem s  a new n o t a t i o n  c o n v e n t io n  m ust be i n t r o d u c e d .  The model 
i l l u s t r a t e d  by F i g u r e  22 c o n s i d e r s  more e n e rg y  l e v e l s  th a n  does  F i g u r e  
2 0 .  T hese  l e v e l s  w i l l  now be  e x p l a i n e d .  The lo w e s t  l e v e l  f o r  t h i s  
sy s te m  i s  d e s i g n a t e d  S0 and i s  t h e  common ground  s t a t e  f o r  b o th  h o s t  and 
g u e s t  a r o m a t i c  s p e c i e s .  The symbol T i s  t h e  lo w e s t  t r i p l e t  s t a t e  o f
l ( j
t h e  g u e s t .  I t  i s  n o t  an  e x c i t o n  b a n d ;  i t  i s  r a t h e r  a  " t r a p "  w hich  e x i s t s  
due t o  a d i s c o n t i n u i t y  i n  t h e  h o s t  t r i p l e t  e x c i t o n  b a n d .  The h o s t  t r i p ­
l e t  e x c i t o n  band i s  d e s i g n a t e d  T . S i m i l a r l y ,  S r e f e r s  t o  t h e  d i s c o n -
i n  1C?
t i n u i t y  i n  t h e  e x c i t o n  band o f  t h e  lo w e s t  s i n g l e t  s t a t e  o f  t h e  h o s t ;
t h i s  form s a lo w e s t  s i n g l e t  t r a p  o f  t h e  g u e s t  a r o m a t i c .  The symbol STIn
r e f e r s  t o  t h e  e x c i t o n  band o f  t h e  lo w e s t  s i n g l e t  s t a t e  o f  t h e  h o s t .
The i n i t i a l  e x c i t a t i o n  o f  t h e  m ixed c r y s t a l  i s  u s u a l l y  a r r a n g e d  
so as  t o  p ro d u ce  m o le c u le s  whose e n e rg y  s t a t e  i s  in  t h e  s i n g l e t  h o s t
FIGURE 2 2 .  E x c i to n  b a n d s  f o r  h o s t  s i n g l e t  s t a t e  and h o s t  t r i p l e t  s t a t e  
a r e  shown; t h e  " t r a p s "  a r e  due t o  g u e s t  " i m p u r i t i e s " .  
T r a n s i t i o n s  a r e  shown a lo n g  w i th  c o r r e s p o n d in g  r a t e  c o n s t a n t s .
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e x c i t o n  b a n d .  The en e rg y  i n  t h i s  band  th e n  r e d i s t r i b u t e s  i t s e l f  a s
f o l lo w s :  i t  may t r a n s f e r  r a d i a t i o n l e s s l y  t o  t h e  s i n g l e t  g u e s t  l e v e l ,
whence i t  may f u r t h e r  d ecay  r a d i a t i o n l e s s l y  t o  th e  t r i p l e t  g u e s t  l e v e l .
The T e x c i t o n  may now u n d e rg o  a r a d i a t i v e  p h o s p h o re s c e n c e  e v e n t ,  o r
i t  may engage  in  an a n n i h i l a t i v e  p r o c e s s  w i th  a n o th e r  g u e s t  t r i p l e t
e x c i t o n .  The a n i h i l a t i v e  p r o c e s s  c a n  r e s u l t  i n  e i t h e r  t h e  s im u l ta n e o u s
p r o d u c t i o n  o f  S..,, and STO s t a t e s ,  o r  o f  and  Tto s t a t e s .  The a n n i h i l  
Uv* 11* Uv* 1C*
a t i v e l y  p ro d u ce d  S jg  s t a t e  may e m it  r a d i a t i o n  o r  d e g ra d e  r a d i a t i o n l e s s l y  
t h e  a n n i h i l a t i v e l y  p ro d u ce d  t r i p l e t  e x c i t o n  may engage  a g a in  i n  a n n i h i ­
l a t i o n  w i t h  a n o th e r  t r i p l e t  e x c i t o n .
T h e re  i s  a  d i s t i n c t  p o s s i b i l i t y  t h a t  may d e g ra d e  i n t o  Tth
by an i n t r a m o l e c u l a r  pa th w a y .  T h is  t r i p l e t  e x c i t o n ,  T „ „ ,  may d e g ra d ei n
f u r t h e r  t o  Sn •, i t  may a l s o  m i g r a t e  w i t h i n  t h e  h o s t  t r i p l e t  band u n t i l  
UJrl
a g u e s t  t r i p l e t  t r a p  i s  e n c o u n te r e d ,  w hereupon i t  i s  t r a p p e d .  The 
e v e n t s  d e s c r i b e d  i n  t h e  p r e v i o u s  p a ra g r a p h  may a g a in  e n s u e  i n  no rm al 
f a s h i o n .
I n  such  a mixed c r y s t a l  s y s te m ,  t e m p e r a t u r e  h a s  an  im p o r ta n t  
and  even  c r i t i c a l  d e t e r m i n a t i v e  e f f e c t  on t h e  p r o b a b i l i t y  w i th  w h ich  
t h e  v a r i o u s  p r o c e s s e s  may o c c u r .  At r e l a t i v e l y  low t e m p e r a t u r e ,  e x ­
c i t o n  m i g r a t i o n  w i t h i n  t h e  h o s t  t r i p l e t  band i s  n o t  v e ry  e f f i c i e n t ;  
t r a p p i n g  a t  g u e s t  s i t e s  i s  a much to o  p r o b a b l e  e v e n t .  Once t h i s  e x c i t o n  
i s  t r a p p e d ,  i t s  e s c a p e  i n t o  t h e  h o s t  e x c i t o n  band  i s  v i r t u a l l y  im pos­
s i b l e  b e c a u s e  o f  t h e  in a d e q u a c y  o f  t h e  a v a i l a b l e  t h e r m a l  e n e rg y .  Con­
s e q u e n t l y ,  i s  a c h ie v e d  by e x o th e rm ic  i n t r a m o l e c u l a r  p a th w a y s .
W ith  t h e s e  v a r i a t i o n s  o f  t h e  k i n e t i c  model i n  m in d ,  t h e  m athe ­
m a t i c a l  e x p r e s s i o n  f o r  t h e  t r i p l e t  s t a t e  d ecay  r a t e  c o n s t a n t  may be 
ree x a m in e d .  I n s t e a d  o f  u s i n g  t h e  r a t e  c o n s t a n t s  o f  H a d le y ,  R a s t  and
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K e l l e r ,  we s h a l l  now u s e  t h o s e  o f  F i g u r e  22 and T a b le  I I I .  From t h e s e  
two s o u rc e s  we s e e  t h a t  K3 i s  t h e  sum o f  k'g and k 3 . I t  h a s  b e e n  
e s t a b l i s h e d  i n  (1*5) and i n  t h e  f o l l o w i n g  d i s c u s s i o n  t h a t  K3 may b e  
u s e d  even a t  h i g h e r  t e m p e r a t u r e s ,  b u t  t h i s  v a lu e  m ust be  t a k e n  from  
t h e  l o n g e r  t im e  r e g i o n  o f  t h e  p h o s p h o re s c e n c e  decay  c u r v e .  S in c e  K3 
i s  t h e  sum o f  a  r a d i a t i v e  p r o c e s s  and a  n o n - r a d i a t i v e  p r o c e s s ,  f o r  a  
m ixed  c r y s t a l  sy s te m  i t  may b e  m o d i f ie d  t o  t h e  f o l l o w in g :
K3 = k£  + k 3 exp(-A E /kT ) (1)6)
I n  te rm s  o f  t h e  t h e s i s  o f  t h i s  p a p e r ,  AE, a s  i s  s e e n  from 
F i g u r e  2 2 ,  r e p r e s e n t s  t h e  e n e rg y  d i f f e r e n c e  be tw een  t h e  lo w e s t  e n e rg y  
t r i p l e t  l e v e l  o f  t h e  h o s t  s p e c i e s  and t h e  lo w e s t  e n e rg y  t r i p l e t  l e v e l  
o f  t h e  g u e s t  s p e c i e s .  To p ro v e  t h e  t h e s i s  t h a t  t h e  p r o c e s s  i s  i n  f a c t  
i n t e r m o l e c u l a r , a  number o f  b i n a r y  sy s te m s  r e p r e s e n t i n g  a  r a t h e r  l a r g e  
r a n g e  o f  AE v a l u e s  s h o u ld  be  s t u d i e d .
Now t h a t  t h e  k i n e t i c  deve lopm en t i s  w e l l  e s t a b l i s h e d ,  we may 
work w i th  p h o s p h o re s c e n c e  d e c a y .  We a g a in  change  n o t a t i o n  i n  t h e  sum 
o f  r a t e  c o n s t a n t s  t o  confo rm  t o  t h e  names w h ich  we g iv e  t o  t h e  p r o c e s s .  
We h a v e  t h e n ,
k = kP + kQP(T) = kP + kQP + kQPexP ("AE/kT) (VT)
H e re ,  k  i s  t h e  d ecay  r a t e  c o n s t a n t  f o r  t h e  e m is s iv e  Tt -* S p r o c e s s  
Jr IC j U(?
and k ^ ( T )  i s  t h e  t e m p e r a t u r e  d e p e n d en t  n o n - e m is s iv e  p a r t  o f  t h e  d ecay
p r o c e s s .  The t e m p e r a tu r e  d e p e n d e n t  p a r t  i s  f u r t h e r  c o n s id e r e d  t o  be
s e p a r a b l e  i n t o  two te rm s :  k ° p ,  w hich  i s  t e m p e r a t u r e  in d e p e n d e n t ;  and
t h e  second  t e r m ,  k '  exp (-A E/kT) w hich  c o n s i s t s  o f  two f a c t o r s ,  k ' >  a
QP QP
p r e - e x p o n e n t i a l  r a t e  c o n s t a n t  w hich  i s  m o d i f i e d  by e x p ( -A E /k T ) ;  AE 
i s  t h e  g u e s t  t r i p l e t - h o s t  t r i p l e t  e n e rg y  d i f f e r e n c e .
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The employment o f  e q u a t i o n  (Vf) i s  v a l i d  o n ly  when t r i p l e t
s t a t e  e n e rg y  i s  c o n s id e r e d  t o  be  t r a n s f e r r e d  v e ry  f a s t  from  t h e  h o s t  t o  
t h e  g u e s t  s p e c i e s .  H ost  p r o c e s s e s ,  t h e r e f o r e ,  a r e  n o t  e x p l i c i t l y  r e ­
p r e s e n t e d  i n  o u r  k i n e t i c  c o n s i d e r a t i o n s .
The u s e  o f  e q u a t i o n  (4 7 )  does  n o t  a f f e c t  any o f  t h e  p r e v i o u s l y  
d e r i v e d  r e s u l t s .  We have  a p p l i e d  t h e  e q u a t i o n  i n  t h e  f o l l o w i n g  m anner 
t o  t h e  d a t a  c o l l e c t e d  i n  t h e  l a b o r a t o r y :  i n  t h e  r e g i o n  w here  ( l / l 0 )p  =
exp(-K 3 t )  i s  a p p ro x im a te ly  v a l i d ,  a s  d i s c u s s e d  p r e v i o u s l y , *  t h e  te rras  
kp  + k °p  a r e  assum ed t o  b e  t h e  t r i p l e t  s t a t e  decay  r a t e  c o n s t a n t  a t
77° K and are  d e n o te d  by k o .  We h a v e  now
Sim ple  m a n i p u l a t i o n ,  fo l lo w e d  by t a k i n g  t h e  l o g a r i t h m  o f  b o t h  s i d e s ,  
y i e l d s
k  we may f i n d  j  and make g ra p h s  v e r s u s  t e m p e r a t u r e  f o r  a  p a r t i c u l a r  
sy s tem  u n d e r  s tu d y .  T ak ing  e x p e r i m e n t a l  p o i n t s  from  t h e s e  g r a p h s  and 
making an A r r h e n iu s  p l o t  ( l o g a r i t h m  o f  some q u a n t i t y  p l o t t e d  v e r s u s  
t h e  r e c i p r o c a l  o f  t h e  t e m p e r a t u r e  a t  w hich  t h a t  q u a n t i t y  was m e a s u r e d ) ,  
we s e e  t h a t  we may f i n d  t h e  q u a n t i t y  -A E/k a s  t h e  s l o p e  o f  t h a t  p l o t .  
Such a p l o t  i s  shown i n  F i g u r e  23 .
k = ko + k 'ex p (-A E /k T ) m
S in c e  k  = —, w here  t  i s  t h e  l i f e t i m e  o f  t h e  p h o s p h o re s c e n c e ,  we m ay  r e ­
w r i t e  ( 3 7 ) , g e t t i n g
m
( 50)
B ecause  o f  (4 5 )  we may f i n d  K3 ( o r  k  b e c a u s e  o f  ( 4 8 ) ) .  H aving
*N ote t h a t  K3 = k  = kp +  kQp(T) = kp +  k ° p +  k ^ pexp(-A E /kT )
FIGURE 2 3 . Mixed c r y s t a l  sy s te m : p h e n a n th r e n e - d 10 i n  b i p h e n y l .
A r r h e n iu s  p l o t  o f  lo g  (-^ -  -^-) v e r s u s  The s lo p e  y i e l d s  
AE/k.
5^
9580 8570 9075
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I n  t h i s  m anner t h e  d a t a  from  t h e  e l e v e n  sy s tem s  c h o s e n  w ere  
a n a ly z e d  i n  an a t t e m p t  t o  e s t i m a t e  t h e  r e l a t i v e  i n t e r m o l e c u l a r  n a t u r e  
o f  t h e  t e m p e r a t u r e  d ep en d en ce  o f  m ixed  c r y s t a l  p h o s p h o re s c e n c e  d e c ay  
when t h e  g u e s t  t r i p l e t  s t a t e  i s  o f  lo w e r  e n e rg y  th a n  t h e  h o s t  t r i p l e t  
s t a t e .
2 .  E x p e r im e n ta l
a )  C hem ica ls  and a p p a r a tu s
A l l  m a t e r i a l s  u s e d  w ere  r e c r y s t a l l i z e d  from  an  a p p r o p r i a t e  s o l ­
v e n t  sy s te m . They w ere  t h e n  zone r e f i n e d ;  t h e  zone r e f i n i n g  p r o c e s s  
was c a r r i e d  o u t  t o  t h e  e x t e n t  t h a t  e a ch  h o s t  and g u e s t  sam p le  u nde rw en t  
a t  l e a s t  one  h u n d re d  m e l t i n g  and s o l i d i f i c a t i o n  c y c l e s .  The g u e s t  
s p e c i e s  was m ixed  i n t o  t h e  h o s t  s p e c i e s  by means o f  an  a g a t e  m o r t a r  
and p e s t l e ;  t h e  g u e s t  c o n c e n t r a t i o n  was one  m ole  p e r c e n t  i n  a l l  c a s e s .  
C o n s i d e r a b l e  c a r e  was e x e r c i s e d  w h i l e  m ix in g  t h e  two s p e c i e s :  h i g h
c r u s h i n g  p r e s s u r e s  e x e r t e d  by t h e  p e s t l e  p ro d u c e  q u i t e  h i g h  t e m p e r a t u r e s  
w hich  can  l e a d  t o  b o th  d e c o m p o s i t io n  and o x i d a t i o n ,  t h e r e b y  i n t r o d u c i n g  
u n d e s i r a b l e  i m p u r i t i e s .
The c r y s t a l s  u se d  i n  t h e s e  s t u d i e s  w ere  grown s lo w ly  from  t h e  
m e l t  be tw een  q u a r t z  p l a t e s  o f  d im e n s io n s  1 cm x 2 cm. The c r y s t a l  
s p e c t r a  w ere  r e c o r d e d  by means o f  an A m inco -K eirs  S p e c t r o p h o s p h o r i m e t e r . 
The same in s t r u m e n t  was u s e d  i n  t h e  t e m p e r a t u r e  d ependence  w ork . A l l  
s p e c t r a  and p h o s p h o re s c e n c e  d ecay  c u r v e s  w ere  r e c o r d e d  on an  E l e c t r i c  
I n s t r u m e n t s  X-Y r e c o r d e r .
b )  T e m p e ra tu re  c o n t r o l
To v a ry  t h e  t e m p e r a t u r e  o f  t h e  m ixed  c r y s t a l s ,  g a s e o u s  n i t r o g e n  
was b o i l e d  o f f  t h e  l i q u i d  and was c o n d u c te d  th r o u g h  an i n s u l a t e d  tu b e
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t o  a  c o p p e r  c o i l  w hich  was immersed i n  l i q u i d  n i t r o g e n .  The t e m p e r a t u r e  
i n  t h e  sam ple  com partm ent was r e g u l a t e d  by t h e  r a t e  o f  f lo w  o f  t h e  
n i t r o g e n  g a s .  A V a r ia c  was u s e d  t o  r e g u l a t e  t h e  r a t e  o f  b o i l - o f f  and 
th u s  t h e  r a t e  o f  f lo w  o f  n i t r o g e n  g a s .
c )  T e m p e ra tu re  m easurem ent
The t e m p e r a t u r e  was m o n i to re d  c o n t i n u o u s l y  by means o f  a  copp.er- 
c o n s t a n t a n  ' th e rm o c o u p le  c o n n e c te d  t o  a  S a r g e n t  SR r e c o r d e r .  One j u n c ­
t i o n  o f  t h e  th e rm o c o u p le  was h e l d  a t  t h e  t e m p e r a t u r e  o f  l i q u i d  n i t r o g e n ;  
t h e  o t h e r  was i n  c o n t a c t  w i th  one o f  t h e  q u a r t z  p l a t e s  w hich  h e l d  t h e  
sa m p le .  The t e m p e r a t u r e  was r e c o r d e d  i n d i r e c t l y  a s  r e c o r d e r  pen d i s ­
p la c e m e n t ;  a  s t a n d a r d  c u rv e  b a s e d  on t h e  m e l t i n g  p o i n t s  o f  common 
l a b o r a t o r y  l i q u i d s  was u s e d  t o  c o n v e r t  t h e  r e c o r d e r  pen d i s p l a c e m e n t  t o  
t e m p e r a t u r e .
d )  L i f e t im e  m easu rem en t
M easurem ents  o f  p h o s p h o re s c e n c e  l i f e t i m e  w ere  made when t h e  
r e c o r d e r  i n d i c a t e d  a c o n s t a n t  t e m p e r a t u r e  and when t h e  p h o s p h o re s c e n c e  
i n t e n s i t y  h e l d  a  s t e a d y  v a l u e ,  f o r  i n  some sy s te m s  t h e  p h o s p h o re s c e n c e  
i n t e n s i t y  changed  a l t h o u g h  t h e r e  was no p e r c e p t i b l e  change  i n  t h e  tem ­
p e r a t u r e .
5 . R e s u l t s  and D i s c u s s i o n
a )  Review o f  g ra p h s  w i t h  d i s c u s s i o n
Graphs o f  t h e  p h o s p h o re s c e n c e  l i f e t i m e s  a s  a  f u n c t i o n  o f  tem­
p e r a t u r e  a r e  p r e s e n t e d  i n  F i g u r e s  2h t h ro u g h  2 9 . I n  o r d e r  t o  make t h e  
A r r h e n iu s  p l o t s ,  e x p e r i m e n t a l  p o i n t s  w ere  u se d  f o r  t h e  l i f e t i m e s  and 
t e m p e r a t u r e s  o f  ( 50 ) .  The sym bo l,  To, r e p r e s e n t s  t h e  l i f e t i m e  o f  t h e  
p h o s p h o re s c e n c e  a t  77° K. The A r r h e n iu s  p l o t s  p r e v i o u s l y  m e n t io n e d
FIGURE 2h . Mixed crystal system: naphthalene in durene and in bi­
p h e n y l .  Graph o f  l i f e t i m e  v e r s u s  t e m p e r a t u r e .
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FIGURE 2 5 . Mixed c r y s t a l  sy s te m : n a p h t h a l e n e - d 8 i n  d u re n e  and i n  b i ­
p h e n y l .  Graph o f  l i f e t i m e  v e r s u s  t e m p e r a t u r e .
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FIGURE 26. M ixed c r y s t a l  sy s te m : c h ry s e n e  i n  d u re n e  and in  b ip h e n y l .
Graph o f  l i f e t i m e  v e r s u s  t e m p e r a t u r e .
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FIGURE 27. Mixed crystal system: phenanthrene-d10 in durene and in
b i p h e n y l .  Graph o f  l i f e t i m e  v e r s u s  t e m p e r a t u r e .
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FIGURE 28. Mixed crystal system: phenanthrene in durene and in bi­
p h e n y l .  Graph o f  l i f e t i m e  v e r s u s  t e m p e r a t u r e .  P h e n a n th re n e  
i n  b i p h e n y l  (open  c i r c l e s ) ,  p h e n a n th r e n e  i n  d u re n e  ( f i l l e d  
c i r c l e s ) .
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FIGURE 29. Mixed crystal system: chrysene in phenanthrene. Graph of
l i f e t i m e  v e r s u s  t e m p e r a t u r e .
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y i e l d  a  s t r a i g h t  l i n e  t h e  s l o p e  o f  w h ich  i s  -A E /k . T h is  i s  shown i n  
F i g u r e  23 . T h i s  was done  f o r  a l l  sy s te m s  w hich  showed a  s h a r p  down­
t u r n  i n  t h e  c u rv e  o f  t  v e r s u s  T. The t e m p e r a t u r e  a t  w hich  t h i s  down­
t u r n  o c c u r r e d  i s  te rm ed  T^. T h is  o c c u r r e d  i n  a l l  t h e  sy s te m s  i n  w hich  
b i p h e n y l  was u s e d  as a  h o s t  m a t e r i a l .  The r e s u l t s  a r e  s e e n  i n  T a b le  IV.
I n  t h e s e  sy s te m s  t h e  a c t i v a t i o n  o f  TTri -* Tt „  o c c u r r e d  a t  lo w e r  te m p e ra -XG in.
t u r e s  b e c a u s e  o f  t h e  s m a l l e r  i n t e r m o l e c u l a r  e n e rg y  g a p .  F o r  t h e  d u re n e
h o s t  sy s te m s  AE(T -* T ) i s  l a r g e  and t h e  t e m p e r a t u r e  o f  t h e  dow nturn  XG In
o f  t h e  p h o s p h o re s c e n c e  l i f e t i m e ,  T ^ , i s  n o t  s e e n ,  b u t  r a t h e r  a s t e a d y
i n c r e a s e  i n  t h e  r a t e  o f  d e c l i n e  o f  l i f e t i m e  w i th  t e m p e r a t u r e .  I n
F i g u r e s  30 t h ro u g h  3 8 * g ra p h s  o f  t h e  i n t e n s i t i e s  o f  p h o s p h o re s c e n c e
and d e la y e d  f l u o r e s c e n c e  a s  a  f u n c t i o n  o f  t e m p e r a t u r e  a r e  p r e s e n t e d .
The t e m p e r a t u r e  a t  w hich  t h e  dow ntu rn  o f  t h e  p h o s p h o re s c e n c e  i n t e n s i t y
o c c u r s  i s  d e n o te d  by T^ and t h e  t e m p e r a t u r e  a t  w hich  t h e  maximum o f
d e la y e d  f l u o r e s c e n c e  i n t e n s i t y  o c c u r s  i s  d e n o te d  by I t  i s  s e e n
i n  F i g u r e  39 t h a t  T , Tt and T __ i n c r e a s e  l i n e a r l y  w i th  t h e  i n t e r -  ^ T Ip  maxDF
m o le c u la r  e n e rg y  d i f f e r e n c e .  The e q u a t i o n  o f  t h e  l i n e  i s  T ^ ,
T __ -  0 . 0 6  AE(Tt _ -  Tt u ) .  maxDF IG IH '
A c o m p a r iso n  o f  t v e r s u s  T b e h a v io r  f o r  t h e  sy s te m s  w hich  y i e l d e d
good r e s u l t s  i s  shown i n  F i g u r e  t o .  The c u r v e  l a b e l e d  1 shows t h e  l i f e ­
t im e  b e h a v io r  o f  r  v e r s u s  T f o r  n a p h t h a l e n e - d 8 i n  d u r e n e .  T h i s  i s  a
g u e s t  m o le c u le  w i t h  a lo n g  l i f e t i m e .  The sy s te m  h a s  a l a r g e  AE(TTr, -♦ Tt „ )
XG XH
and i t  i s  s e en  t h a t  t h e  dow ntu rn  o c c u r s  a t  a b o u t  180° K. The c u r v e
l a b e l e d  2 i s  n a p h t h a l e n e - h 8 i n  d u r e n e ;  t h i s  sy s te m  h a s  t h e  same AE
(T - * T ) .  N a p h th a le n e - h a  h a s  a s h o r t e r  p h o s p h o re s c e n c e  l i f e t i m e ,
XG XH
b u t  q u a l i t a t i v e l y  t h e  two c u rv e s  a r e  a l i k e .
TABLE IV
LUMINESCENCE DATA FOR VARIOUS MIXED CRYSTAL SYSTEMS
GUEST
A E,th e rm .
(cm- 1 )
^ s p e c t .
(cm- 1 )
T
(°K)
Tt
Ip
(°K)
TmaxDF
(°K)
P h e n a n th re n e  H o s t /
C h ry se n e  ^ y  1200
( a -
1280 82 c c
B ip h e n y l  H o s t :
P h e n a n th r e n e - d io 1270 1610 95 100 125
P henan th 'r  e n e -h  xp lljOO I 63O 115 105 135
N a p h th a le n e - d a 1790 1830 115 110 11+0
N a p h th a le n e - h s 2030 I9k0 110 125 150
C h ry sen e 2980 3350 185 185 220
D urene H o s t :
Ph e n a n t h r e n e - d 1Q I+63O -3 3 0 0 190 190 no  DF
P h e n a n th re n e -h x o 2920 3300 e 190 no  DF
N a p h th a le n e -d g 3362b 3500 220b e no DF
N a p h th a le n e - h a 3558b 36 IO 2 l<0 b 2 b0 no DF
C h ry sen e c 5000 e e 110d , l 7 5 <
a .  T hese  d a t a  a r e t a k e n  from T. N. M is ra and S . P . Me G lynn , J .  Chei
P h y s . ,  M+, 3816 ( I 966 ) .
b .  T hese  d a t a  a r e t a k e n  from  S . G. H ad ley , A. E. R a s t ,  J r . ,  and R.
K e l l e r ,  J .  Chem . P h y s . , 705 ( I 963 ) •
c .  These  num bers w ere  n o t  d e t e r m i n a b l e  w i th  s u f f i c i e n t  a c c u r a c y .
d .  I m p u r i ty  i n t e r f e r e n c e  i s  e v i d e n t  i n  t h i s  i n s t a n c e .
e .  No w e l l - d e f i n e d  c h a r a c t e r i s t i c  t e m p e r a t u r e s  w ere  o b s e r v e d .
6 k
FIGURE 30. Mixed crystal system: phenanthrene in biphenyl. Graph of
r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  
v e r s u s  t e m p e r a t u r e .
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FIGURE 31. Mixed crystal system: phenanthrene-d10 in biphenyl.
Graph o f  r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  and 
f l u o r e s c e n c e  v e r s u s  t e m p e r a t u r e .
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FIGURE 32. Mixed crystal system: chrysene in biphenyl. Graph of
r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  
v e r s u s  t e m p e r a t u r e .
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FIGURE 5 3. Mixed crystal system: naphthalene-d8 in biphenyl. Graph
o f  r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  and f u l o r e s c e n c e  
v e r s u s  t e m p e r a t u r e .
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FIGURE J>b. Mixed crystal system: naphthalene in biphenyl. Graph
o f  r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  and f l u o r e s c e n c e  
v e r s u s  t e m p e r a t u r e .
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FIGURE 5 5. Mixed crystal system: phenanthrene in durene. Graph
o f  r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  v e r s u s  t e m p e ra ­
t u r e .
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FIGURE 3 6. Mixed crystal system: chrysene in durene. Graph of rela­
t i v e  i n t e n s i t y  v e r s u s  t e m p e r a t u r e .  D e la y ed  f l u o r e s c e n c e  
(o p en  c i r c l e s ) ,  p h o s p h o re s c e n c e  ( f i l l e d  c i r c l e s ) .
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FIGURE 37. Mixed crystal system: naphthalene in durene. Graph of
r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  v e r s u s  t e m p e r a t u r e .
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FIGURE 5 8 . M ixed c r y s t a l  sy s te m : n a p h th a le n e  in  d u re n e . G raph o f
r e l a t i v e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  v e r s u s  t e m p e r a t u r e .
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FIGURE 39* P lo ts  o f  c h a r a c te r is t ic  tem peratures, T , T_ and T __
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FIGURE IjO. L i f e t i m e  v e r s u s  t e m p e r a t u r e  b e h a v io r  f o r  s e v e n  sy s te m s
1. N a p h th a le n e - d 8 i n  d u r e n e .
2 .  N a p h th a le n e -h g  i n  d u r e n e .
3 .  N a p h th a le n e - d 8 i n  b i p h e n y l .
1*. N a p h th a le n e -h g  i n  b i p h e n y l .
5 . P h e n a n th r e n e - h ao i-n  d u r e n e .
6 . P h e n a n th r e n e - d x o  i n  b i p h e n y l .
7 .  P h e n a n th r e n e - h x o  i n  b i p h e n y l .
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F i g u r e  t o  shows c u r v e s  l a b e l e d  3 and 4 w h ich  r e p r e s e n t  t h e  b e ­
h a v i o r  o f  p e r d e u t e r a t e d  and p r o t o n a t e d  n a p h t h a l e n e  i n  b i p h e n y l ,  r e s p e c ­
t i v e l y .  T h ese  c u r v e s  a r e  q u a l i t a t i v e l y  a l i k e  i n  t h e i r  t e m p e r a t u r e  
d e p e n d en c e  b e h a v i o r .  The c u r v e  l a b e l e d  5 shows t h e  l i f e t i m e  b e h a v io r  
o f  p h e n a n th r e n e - h 10 i n  d u r e n e .  H ere  AE(T_„ -* Tt „ )  i s  l a r g e ;  c o n s e -1C? I n
q u e n t l y ,  t h e  s y s te m  does  n o t  y i e l d  t h i s  e n e rg y  d i f f e r e n c e  due  t o  some 
i n t e r f e r e n c e  e f f e c t s  t o  b e  m e n t io n e d  l a t e r .
F i g u r e  41 shows t h e  t e m p e r a t u r e  d e p e n d en c e  o f  a  s i n g l e  g u e s t
i n  t h r e e  d i f f e r e n t  h o s t  m a t e r i a l s .  The b e h a v i o r  o f  t h e  l i f e t i m e  v e r s u s
t e m p e r a t u r e  i s  shown f o r  c h r y s e n e  i n  ( l )  p h e n a n th r e n e - h x o j  (2 )  b i p h e n y l ,  
and ( 3 ) d u r e n e .  T hese  c u r v e s  e m p h a s ize  t h e  im p o r ta n c e  o f  AE(t -♦ Tt „ )
IGr I n
t o  t h e  r a d i a t i o n l e s s  p r o c e s s  o f  t h e r m a l  a c t i v a t i o n .
F i g u r e  42 shows t h e  A r r h e n iu s  p l o t s  o f  l o g  (— -  — ) v e r s u s  ^
T to ----------------  T
f o r  d i f f e r e n t  s y s te m s .  C urves  1 and 2 show p h e n a n th re n e -d j^ o  and phen-  
a n t h r e n e - h 1Q i n d u r e n e ,  r e s p e c t i v e l y .  C urve  3 shows c h r y s e n e  i n  b i ­
p h e n y l  and 4 shows c h r y s e n e  i n  p h e n a n t h r e n e - h 10 . The two p h e n a n th r e n e s  
i n  d u re n e  show t h e  same a c t i v a t i o n  e n e r g i e s :  t h e i r  g r a p h s  a r e  p a r a l l e l ;
h o w e v e r ,  c h r y s e n e  i n  two d i f f e r e n t  h o s t  m a t e r i a l s  shows l i n e s  o f  d i f ­
f e r e n t  s l o p e s ,  i n d i c a t i n g  d i f f e r e n t  a c t i v a t i o n  e n e r g i e s .  C urves  5 an<*
6 a r e  n a p h t h a l e n e - d a and n a p h t h a l e n e - h 8 i n  b i p h e n y l .  The e n e r g i e s  a r e  
a g a i n  a l i k e ,  f o r  t h e  s l o p e s  o f  t h e  A r r h e n iu s  p l o t s  a r e  e q u a l .  T h is  i s  
a l s o  t r u e  o f  7 an<i 8 ,  p h e n a n t h r e n e - d 10 an<  ^ p h e n a n t h r e n e - h 10 i n  b i p h e n y l ,  
r e s p e c t i v e l y .
A g ra p h  o f  r e l a t i v e  i n t e n s i t y  v e r s u s  t e m p e r a t u r e  f o r  two d i f ­
f e r e n t  sy s te m s  i s  p r e s e n t e d  i n  F i g u r e  43 t o  i l l u s t r a t e  _in a n o th e r  a s p e c t
t h e  r o l e  o f  AE(t -* Tt  ) on t r i p l e t - t r i p l e t  a n n i h i l a t i o n .  H ere  t h e  J.C7 1.(7
two sy s te m s  employ b i p h e n y l  a s  t h e  h o s t  w i t h  d i f f e r e n t  g u e s t s ,
FIGURE h i .  L ife t im e  v e r su s  tem peratu re fo r  ch ry sen e  in  ( l )  
h i o > ( 2 ) b ip h e n y l , ( 3 ) d u ren e.
p h enan th rene-
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FIGURE h2. Log (— -  ~ )  v e r s u s  f o r  e i g h t  sy s te m s:
1 . P h e n a n th r e n e - d 10 i n  d u r e n e .
2 . P h e n a n th re n e -h iQ  i n d u r e n e .
5 . C h ry se n e  i n  b i p h e n y l .
4 .  P h e n a n th re n e -h x o  i n  b i p h e n y l .
5 . N a p h th a le n e - d a in  b i p h e n y l .
6 . N a p h th a le n e - h a i n  b i p h e n y l .
7 . P h e n a n th r e n e - d 10 i n  b i p h e n y l .
8 . C h ry sen e  i n  p h e n a n th r e n e - h io
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FIGURE b$.  Comparison o f  r e l a t i v e  i n t e n s i t i e s  o f  two system s as a 
fu n c t io n  o f  tem p era tu re .
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n a p h th a l e n e - h g  and c h r y s e n e ;  t h e  n a p h t h a l e n e - h 8 i n  b ip h e n y l  sy s te m  h a s
a  s m a l l e r  e n e rg y  g a p ,  AE(T_„ -♦ Tt „ ) , t h a n  h a s  c h ry s e n e  i n  b i p h e n y l .
XG in
The fo rm e r  s y s te m  h a s  I9h0 cm-1  ( s p e c t r o s c o p i c )  w h i l e  t h e  l a t t e r  h a s  
5000 cm-1  ( s p e c t r o s c o p i c ) .  I t  i s  o b s e rv e d  t h a t  T^ and o c c u r  a t
h i g h e r  t e m p e r a t u r e s  f o r  t h e  l a t t e r  t h a n  f o r  t h e  former, s y s te m . T h i s  i s  
r e g a r d e d  as f u r t h e r  e v id e n c e  o f  t h e  r a d i a t i o n l e s s  t h e r m a l  a c t i v a t i o n  
p r o c e s s .
T a b le  IV shows t h a t  t h e  r e s u l t s  o f  t h e  e x p e r i m e n t a l  work a r e
i n  good a g re e m e n t  w i t h  t h e  s p e c t r o s c o p i c  e n e rg y  d i f f e r e n c e  f o r  t h e
p h e n a n th r e n e  and  b ip h e n y l  h o s t  sy s te m s  c o n f i r m in g  t h e  i n t e r m o l e c u l a r
r a d i a t i o n l e s s  p r o c e s s  T -* T . The d u re n e  d a t a  w h ich  i s  n o t  i n  good
1G In
a g re e m e n t  i s  p r e s e n t e d .  L i t t l e  e f f o r t  was expended on d u re n e  sy s te m s
f o r  t h e  f o l l o w i n g  r e a s o n s :  d u re n e  i s  e a s i l y  decomposed t o  p r o d u c e  t h e
d u r y l  r a d i c a l ;  d u re n e  h a s  t h e  l a r g e s t  v a l u e  f o r  £ ( 1 ! )  and f o r  l a r g e
e n e rg y  gaps b e tw e e n  h o s t  and g u e s t  t r i p l e t  s t a t e s  much o f  t h e  a n n i h i -
l a t i v e  p r o c e s s  i s  i n t e r f e r e d  w i th  by i m p u r i t i e s  o r  d e f e c t s  w hich  h a v e
t r i p l e t  s t a t e s  b e tw e en  E(T__) and E(T ) .
XG Xn
4 . C o n c lu s io n s
Upon r e v i e w in g  t h e  r e s u l t s  from  t h e  e x p e r im e n ta l  d a t a  i n  F i g u r e s  
5 9 , h0 , h i ,  h-2 , and b3 , t h e  c o n c l u s i o n  m ust  be drawn t h a t  t h e  m a t r i x  
(A*.®* » h o s t  o f  t h e  m ixed  c r y s t a l  sy s te m )  h a s  a v e ry  c e n t r a l  r o l e  i n  
t h e  b e h a v io r  o f  l i f e t i m e  and i n t e n s i t y  o f  b o th  p h o s p h o re s c e n c e  and 
d e la y e d  f l u o r e s c e n c e .  T h i s  c e n t r a l  r o l e  m a n i f e s t s  i t s e l f  by p r o v i d i n g  
t h e  u p p e r  e n e rg y  l e v e l  t o  w hich  e n e rg y  t r a p p e d  i n  t h e  g u e s t  t r i p l e t  
l e v e l  ( F ig u r e  22) i s  a c t i v a t e d  t h e r m a l l y .  When t h e  t h e r m a l  a c t i v a t i o n  
h a s  b e e n  a c c o m p l i s h e d ,  d e la y e d  f l u o r e s c e n c e  i n t e n s i t y  i n c r e a s e s  w i t h  a
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c o r r e s p o n d in g  d e c r e a s e  i n  p h o s p h o re s c e n c e  i n t e n s i t y .  I t  i s  s e e n  t h a t
t h i s  m odel and t h e s e  a s su m p t io n s  a b o u t  r a d i a t i o n l e s s  t r a n s i t i o n s  and
a b o u t  p r o c e s s  t y p e s  ( i n t r a -  and i n t e r m o l e c u l a r )  h a v e  b e e n  e x p e r i m e n t a l l y
shown t o  b e  c o r r e c t .  T a b le  IV shows t h a t  AE(Tt _ -* Tt „ )  h a s  b e e n  fou n dXG XH.
by th e r m a l  a c t i v a t i o n  and c a n  b e  r e l a t e d  t o  t h e  s p e c t r o s c o p i c a l l y  
d e te r m in e d  e n e rg y  d i f f e r e n c e  w hich  l e a v e s  no d o u b t  a s  t o  t h e  i n t e r -  . 
m o le c u la r  th e r m a l  a c t i v a t i o n  p r o c e s s .  S u p p o r t i n g  e v id e n c e ,  i f  any be 
n e e d e d ,  i s  b e s t  shown by F i g u r e  39» w h ich  p l o t s  t h e  c h a r a c t e r i s t i c  
t e m p e r a t u r e s ,  T ^ ,  T and f o r  e a ch  sy s te m  v e r s u s  t h e  h o s t - g u e s t
d i f f e r e n c e ;  a  l i n e a r  r e l a t i o n s h i p  i s .  shown, f u r t h e r  e v id e n c e  o f  t h e  
i n t e r m o l e c u l a r  p r o c e s s .
CHAPTER I I I
LUMINESCING SOLUTES IN POLYMETHYLMETHACRYLATE
1. I n t r o d u c t i o n
An e x t e n s i o n  o f  t h e  work on m ixed c r y s t a l  sy s tem s  d e s c r i b e d  i n  
C h a p te r  I I  i s  p r o v id e d  by t h e  u s e  o f  s o l i d  " s o l v e n t s "  o t h e r  t h a n  o r g a n i c  
c r y s t a l s .  P l a s t i c s  r e a d i l y  le n d  th e m s e lv e s  t o  employment i n  su c h  te m p e r ­
a t u r e  d ep en d en ce  s t u d i e s :  th e y  can  be  made i n  t r a n s p a r e n t  fo rm  and t h e
p l a s t i c  monomer r e a d i l y  d i s s o l v e s  an  a ro m a t ic  lu m in e s c e n t  s o l u t e .
K e l lo g g  and Schw enker24 s t u d i e d  t h e  t e m p e r a t u r e  d ep en d en ce  o f  t h e  
p h o s p h o re s c e n c e  o f  lu m in e s c in g  s o l u t e s  i n  p o l y m e th y l m e t h a c r y l a t e .  They 
g e n e r a t e d  e x p e r i m e n t a l  p l o t s  o f  p h o s p h o re s c e n c e  l i f e t i m e  v e r s u s  te m p e r ­
a t u r e  f o r  v a r i o u s  a r o m a t i c s  i n  s e v e r a l  d i f f e r e n t  p l a s t i c  m e d ia .  They 
h oped  t o  a s c e r t a i n ,  by t h e s e  s t u d i e s ,  w h e th e r  t h e  t h e o r y  o f  r a d i a t i o n ­
l e s s  t r a n s i t i o n s  g iv e n  by Gouterm an3 was s u p e r i o r  t o  t h a t  p ro p o se d  by  
R ob inson  and F r o s c h . 1
Our p u r p o s e ,  h o w e v e r ,  i s  t o  a t t e m p t  t o  d e te r m in e  i f  e f f e c t s  l i k e  
t h o s e  p r e s e n t  i n  m ixed c r y s t a l s  a r e  a l s o  o p e r a t i v e  i n  p l a s t i c s .  We 
w ish e d  t o  know i f  e n e rg y  i n  t h e  t r i p l e t  s t a t e  o f  t h e  s o l u t e  c o u ld  b e  
t r a n s f e r r e d  by r a d i a t i o n l e s s  means t o  t h e  t r i p l e t  s t a t e  o f  t h e  p l a s t i c  
s o l v e n t .  T h i s ,  i n d e e d ,  was t h e  e x p e c te d  b e h a v i o r .  Due t o  t h e  random­
n e s s  o f  t h e  s t r u c t u r e  o f  t h e  p l a s t i c  m a t r i x ,  i t  was t h o u g h t  t h a t  t h e  
p l a s t i c  s o l v e n t  would n o t  form  e x c i t o n  b a n d s  a s  do m o le c u le s  o f  t h e  
h o s t  c r y s t a l l i n e  l a t t i c e .  We e x p e c te d  t h a t  t h i s  e n e r g y ,  once  i n  t h e  
p l a s t i c  po lym er  c h a i n ,  would be  t r a n s f e r r e d  w i t h i n  t h e  c h a in  f o r  s h o r t  
d i s t a n c e s ;  t h e r e a f t e r ,  we e x p e c te d  t h a t  t h i s  e x c i t a t i o n  e n e rg y  w ould  be  
t r a n s f e r r e d  to  a s o l u t e  m o le c u le  o t h e r  t h a n  t h e  one w h ich  f u r n i s h e d  t h e
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o r i g i n a l  e x c i t a t i o n  t o  t h e  po lym er  c h a i n .  I t  was even  th o u g h t  t h a t  
some t r i p l e t - t r i p l e t  a n n i h i l a t i o n  m ig h t  o c c u r ,  p a r t i c u l a r l y  i f  t h e  
s o l u t e  t r i p l e t  t o  t h e  p l a s t i c  t r i p l e t  e n e rg y  d i f f e r e n c e s  w ere  n o t  to o  
l a r g e  and i f  t h e  two s o l u t e  m o le c u le s  w e re  n o t  to o  f a r  a p a r t  a lo n g  t h e  
p l a s t i c  c h a i n .  I f  t h e  e n e rg y  gap i s  t o o  l a r g e ,  a s  i s  t h e  c a s e  w i th  
c h r y s e n e  i n  d u r e n e ,  no t r i p l e t - t r i p l e t  a n n i h i l a t i o n  w ould  b e  e x p e c te d -  
t o  t a k e  p l a c e .
I n  o r d e r  t o  c a r r y  o u t  t h e  e x p e r i m e n t a l  s t u d i e s ,  p o l y s t y r e n e ,  p o l y ­
m e t h y l m e t h a c r y l a t e ,  p o l y v i n y l a c e t a t e  and p o l y m e t h a c r y l o n i t r i l e  w ere  
c h o s e n  a s  t h e  p l a s t i c  " s o l v e n t s " .  The s o l u t e s  c h o s e n  f o r  d i s s o l v i n g  
i n  t h e s e  " m a t r i c e s "  w ere  p h e n a n th r e n e - h 1Q an^ - d ^ *  b i p h e n y l - h 10 and 
- d 1Q, and d u r e n e .  T hese  c h o ic e s  r e s u l t  in  tw e n ty  p o s s i b l e  b i n a r y  
s y s te m s  w hich  h a v e  a  r a n g e  o f  AE[T1 ( s o l u t e )  -  T1 ( s o l v e n t ) ]  v a l u e s  
b e tw e en  $000 and 10,000  cm- 1 .
2 .  E x p e r im e n ta l
a )  Method o f  o b t a i n i n g  p l a s t i c  s o l v e n t s
M e t h y l m e t h a c r y l a t e , v i n y l a c e t a t e  and m e t h a c r y l o n i t r i l e  w ere  
d i s t i l l e d  u s i n g  a  column p acked  w i th  g l a s s  b e a d s .  D i s t i l l a t i o n  was 
c a r r i e d  o u t  a t  a  p r e s s u r e  o f  600 mm Hg p r e s s u r e  i n  o r d e r  t o  f r e e  t h e  
monomer o f  t h e  s t a b i l i z e r .  S ty r e n e  was n o t  d i s t i l l e d  when i t  was 
l e a r n e d  t h a t  i t  would  n o t  p o ly m e r iz e  t o  a  s o l i d  a s  would m e th y lm e th a ­
c r y l a t e .  S t y r e n e  form s a v i s c o u s  f l u i d  from  w hich  may be  i s o l a t e d  a  
w h i t e ,  f l e e c y  s o l i d  w h ich  i s  a  p o lym er  o f  low m o le c u la r  w e i g h t .  To ob­
t a i n  h ig h  m o le c u la r  w e ig h t  p o l y s t y r e n e  r e q u i r e s  t r e a t m e n t  to o  d r a s t i c  
t o  make i t  s u i t a b l e  f o r  lu m in e s c e n c e  w ork .
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b )  A d d i t io n  o f  i n i t i a t o r ;  d e g a s s i n g  o f  monomer; p o l y m e r i z a t i o n  
M e th y l m e t h a c r y l a t e ,  v i n y l a c e t a t e  and a c r y l o n i t r i l e  w ere  u s e d  
a s  t r i a l  s o l v e n t s .  The i n i t i a t o r  f o r  r a d i c a l  p o l y m e r i z a t i o n ,  a z o - ( b i s ) -  
i s o p r o p y l c y a n i d e  (AIBN), was added  t o  a  c o n c e n t r a t i o n  o f  5 x  10"4 m /1 .  
The t u b e s  o f  monomer w ere  t h e n  a t t a c h e d  t o  a h i g h  vacuum sy s te m  and 
d e g a s s e d  a s  f o l l o w s :  t h e  tu b e  o f  monomer was imm ersed i n  l i q u i d  n i t r o ­
g e n ;  when t h e  monomer was s o l i d  t h e  v a l v e  t o  t h e  vacuum cham ber was 
opened  and t h e  g a s  above was w i th d ra w n .  When a  low vacuum was o b t a i n e d  
(~10“ 4 mm Hg) t h e  v a l v e  t o  t h e  vacuum cham ber was c l o s e d  and t h e  s o l i d  
monomer was a l lo w e d  t o  thaw . T h is  f r e e z e - t h a w  c y c l e  was r e p e a t e d  t h r e e  
t i m e s ,  a f t e r  w h ich  i t  was c o n s id e r e d  t h a t  t h e  monomer was s u f f i c i e n t l y  
w e l l  d e o x y g e n a te d .  The tu b e s  w ere  th e n  s e a l e d  and p l a c e d  i n  a  w e l l -  
r e g u l a t e d  oven  a t  60° C. A f t e r  two and o n e - h a l f  days  t h e  m e th y lm e th a ­
c r y l a t e  was p o ly m e r iz e d .  T h is  monomer was t h e n  c o n s i d e r e d  u s a b l e  a s  a 
s o l v e n t  f o r  t h e  s o l u t e s  m e n t io n e d  ab o v e .  M e t h a c r y l o n i t r i l e  and v i n y l ­
a c e t a t e  d i d  n o t  p o ly m e r iz e  when t r e a t e d  i n  t h e  same m anner a s  t h e  
m e t h y l m e t h a c r y l a t e .  R ep e a te d  t r i a l s  t o  p o ly m e r iz e  t h e s e  monomers w ere  
f r u i t l e s s  and th e y  w ere  d ro p p ed  from  c o n s i d e r a t i o n  a s  fo rm in g  c o n v e n ie n t  
p l a s t i c  m a t r i c e s .  P o l y s t y r e n e  was o b t a i n e d  i n  a  p u r e  fo rm  a s  a  low 
m o le c u la r  w e ig h t  s o l i d  and d i s s o l v e d  i n  b e n z e n e ;  a l u m in e s c in g  s o l u t e  
was ad d ed .  T h is  was p o u red  o n to  a  q u a r t z  p l a t e  and t h e  s o l v e n t  was a l ­
lowed t o  e v a p o r a t e  a t  a  s l i g h t l y  e l e v a t e d  t e m p e r a t u r e .  When t h e  e m is ­
s i o n  s p e c t ru m  o f  t h i s  specim en  was o b s e r v e d ,  i t  was s e e n  t o  c o n s i s t  o f  
a  b r o a d ,  s t r u c t u r e l e s s  band c h a r a c t e r i s t i c  o f  p o l y s t y r e n e .  The s o l u t e  
lu m in e s c e n c e  was n o t  s e e n .  F o r  t h i s  r e a s o n ,  p o l y s t y r e n e  a s  a  " s o l v e n t "  
a l s o  had  t o  b e  e l i m i n a t e d  from t h e s e  s t u d i e s .
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When i t  was a p p a r e n t  t h a t  o n ly  p o l y m e th y l m e t h a c r y l a t e  c o u ld  b e  
u se d  a s  a  p l a s t i c  m a t r i x ,  we d e c id e d  t o  d e l e t e  d u re n e  from  t h e  p o s ­
s i b l e  s o l u t e s  and com pare t h e  e f f e c t s  o f  d e u t e r a t i o n  on t h e  p h o s p h o re s ­
c e n c e  b e h a v io r  w i t h  t e m p e r a t u r e  u s in g  f o u r  d i f f e r e n t  s o l u t e s :  p h e n a n -
t h r e n e - h 10 an<* _d 1 0 , anc* b i p h e n y l - h i o  and -d io *
c )  T e m p e ra tu re  m easurem ent and  c o n t r o l
The m e a s u r in g  and t e m p e r a t u r e  c o n t r o l  a p p a r a t u s  u s e d  h e r e  was 
t h e  same a s  t h a t  u s e d  i n  s t u d i e s  on m ixed  c r y s t a l s .
d )  P r e p a r a t i o n  o f  t h e  p l a s t i c  s o l u t i o n  f o r  m easurem ent
A f t e r  p o l y m e r i z a t i o n  was c o m p le te ,  t h e  sam p les  w ere  removed 
from  t h e  t u b e s ;  f l a t  f a c e s  w ere  c u t  i n t o  t h e  c y l i n d e r s  o f  t h e  p l a s t i c  
m a t r i x  so  t h a t  t h e  s o l u t e  c o u ld  be  p r o p e r l y  i r r a d i a t e d  and a  maximum 
i n t e n s i t y  o f  t h e  e m i t t e d  l i g h t  c o u ld  be  o b t a i n e d  a t  t h e  a n a l y z i n g  o p t i c s .
3 . R e s u l t s  and d i s c u s s i o n
a )  S t a b i l i t y  o f  p o ly m e th y lm e th a c r y l a t e  a s  a  " s o l v e n t "
I n  o u r  e x p e r im e n t s  w i th  p o ly m e th y lm e th a c r y l a t e  a s  a  m a t r i x  f o r  
lu m in e s c in g  s o l u t e s  i t  was found t h a t  t h e  " s o l u t i o n "  d i d  n o t  d i f f e r  
from  spec im en  t o  sp e c im en .  S ta n d in g  o v e r  a  tw o-m onth  p e r i o d  a l s o  d id  
n o t  a f f e c t  t h e  e m is s io n  s p e c t ru m  i n  any way. R e p r o d u c i b i l i t y  o f  t h i s  
t y p e  o f  sy s te m  seems t o  p r e s e n t  no d i f f i c u l t y  w h a te v e r .  The r a d i c a l  
i n i t i a t o r ,  AIBN, d i d  n o t  i n t e r f e r e  w i th  m e a s u re m e n ts ,  f o r  i t  n e i t h e r  
showed any lu m in e s c e n c e ,  n o r  d i d  i t  h a v e  any e f f e c t  on t h e  s o l u t e  
lu m in e s c e n c e .
b )  Com parison  o f  g ra p h s  o f  d e u t e r a t e d  and p r o t o n a t e d  b i p h e n y l  and
p h e n a n th r e n e
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Graphs d e p i c t i n g  t h e  b e h a v io r  o f  l i f e t i m e s  v e r s u s  t e m p e r a t u r e  
a r e  p r e s e n t e d  f o r  f o u r  s o l u t e s  i n  p o ly m e th y l m e t h a c r y l a t e :  b i p h e n y l - h ^ o >
b i p h e n y l - d 1 0 , p h e n a n th r e n e - h 10 and p h e n a n th r e n e - d x o ;  t h e  g ra p h s  a r e  
l a b e l e d  F i g u r e s  1*1* th ro u g h  1*7, r e s p e c t i v e l y .  So t h a t  c o m p a r iso n  may be  
made e a s i e r , g r a p h s  o f  t / a s  a  f u n c t i o n  o f  t e m p e r a t u r e  f o r  t h e  two 
b i p h e n y l s  and f o r  t h e  two p h e n a n th r e n e s  h a v e  b e e n  m ade; t h e s e  a r e  
F i g u r e s  1*8 and 1*9, r e s p e c t i v e l y .  I n s p e c t i o n  o f  t h e s e  two f i g u r e s  shows 
t h a t  t h e  b e h a v io r  o f  t h e  l i f e t i m e s  o f  p h o s p h o re s c e n c e  a s  a  f u n c t i o n  o f  
t e m p e r a tu r e  f o r  t h e  two p e r d e u t e r a t e d  s o l u t e s  i s  o p p o s i t e  i n  e f f e c t .
The l i f e t i m e  o f  b i p h e n y l - d 10 h a s  a  f a s t e r  r a t e  o f  d e c r e a s e  w i t h  t e m p e ra ­
t u r e  t h a n  h a s  i t s  p r o t o n a t e d  c o u n t e r p a r t  w h i l e  t h a t  o f  p h e n a r i th r e n e - d n )  
h a s  a  s lo w e r  r a t e  o f  d e c r e a s e  t h a n  i t s  p e r p r o t o n a t e d  c o u n t e r p a r t .
Of some i n t e r e s t  i s  t h e  o b s e r v a t i o n  t h a t  t h e  l i f e t i m e  o f  
p h e n a n th r e n e - d 10 i n  t h e  p l a s t i c  a p p e a r s  t o  be  a s y m p t o t i c a l l y  a p p ro a c h in g  
some l i m i t i n g  v a l u e  n e a r  1 0 .5  s e co n d s  as  t h e  t e m p e r a t u r e  i s  r a i s e d .
The m anner i n  w hich  t h e  l i f e t i m e s  o f  t h e  p r o t o n a t e d  s o l u t e s  ap­
p e a r  t o  d e c r e a s e  i n  a  s t e p - w i s e  f a s h i o n  w i t h  t e m p e r a t u r e  i s  v e r y  c u r i o u s ,  
in d e e d .  T h is  e f f e c t  i s  n o t  n e a r l y  so p ro n o u n ced  i n  t h e  p e r d e u t e r a t e d  
s o l u t e s .
T h e re  seems t o  b e  no a p p a r e n t  r e a s o n  why t h e  p r o t o n a t e d  and 
d e u t e r a t e d  s o l u t e s  o f  b i p h e n y l  and p h e n a n th r e n e  s h o u ld  e x h i b i t  su ch  
c o n t r a r y - b e h a v i o r  a s  th e y  do . The s t e p w is e  d e c r e a s e  o f  l i f e t i m e  v e r s u s  
t e m p e r a t u r e  o f  p r o t o n a t e d  s o l u t e s  i s  p r o b a b ly  a  p r o p e r t y  o f  t h e  p l a s t i c  
m a t r i x  and n o t  o f  t h e  s o l u t e .  I f  t h i s  i s  t r u e ,  i t s  a p p e a r a n c e  o n ly  
w i th  p r o t o n a t e d  s o l u t e s  i s  f o r t u i t o u s .
The d i f f e r e n c e  i n  t h e  r a t e s  o f  d ecay  o f  p h o s p h o re s c e n c e  o f  
d e u t e r a t e d  and p r o t o n a t e d  s o l u t e s  w i th  t e m p e r a t u r e  i s  p r o b a b ly  due  t o
FIGURE 1 ^ .  L i f e t i m e  v e r s u s  t e m p e r a t u r e  f o r  b i p h e n y l - h 10 i n  l u c i t e .
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FIGURE 45 L i f e t i m e  v e r s u s  t e m p e r a t u r e  f o r  b i p h e n y l - d 10 i-n l u c i d e .
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FIGURE k6 . L i f e t im e  v e r s u s  t e m p e r a t u r e  f o r  p h e n a n th r e n e - h x o  i n  l u c i t e .
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FIGURE h7. L i f e t i m e  v e r s u s  t e m p e r a t u r e  f o r  p h e n a n th r e n e - d 10 i n  l u c i t e .
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FIGURE 1|8. Comparison o f  t / T o  v e r su s  tem perature  fo r  ( l )  b ip h e n y l -d 10 
( f i l l e d  c i r c l e s ) ,  and (2 )  biphenyl-h-Lo (open c i r c l e s ) ,  
both  in  l u c i t e .
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FIGURE 49 . C om parison  o f  t /T o  v e r s u s  t e m p e r a tu r e  f o r  ( l )  p h e n a n th r e n e -  
h^o  (open  c i r c l e s ) ,  and ( 2 ) p h e n a n t h r e n e - d ^  ( f i l l e d  c i r ­
c l e s ) ,  b o t h  i n  l u c i t e .
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a  d i f f e r e n c e  i n  t h e  c o n s t a n t s  f o r  p h o s p h o re s c e n c e  q u e n c h in g  o f  t h e  p r o -  
t o n a t e d  and d e u t e r a t e d  s a m p le s .  The e q u a t i o n
k P = k P +  k QP(T) +  kqpexP ( ~ AE/kT) (2+7)
i s  o f  no im p o r ta n c e  a t  t h i s  t i m e ,  f o r  we saw no s h a rp  dow nturn  i n  t h e  
l i f e t i m e  b e h a v io r  w i t h  t e m p e r a t u r e ,  h e n c e ,  no T1 ( s o l u t e )  -♦ ^ ( s o l v e n t )  
a c t i v a t i o n  seems p r e s e n t .  The second  te rm  o f  (1+7) i s  p r o b a b ly  r e s p o n ­
s i b l e  f o r  t h e  v a r i a t i o n  o f  t h i s  b e h a v io r  f o r  t h e  p r o t o n a t e d  and d e u t e r a t e d  
s o l u t e s .  T h is  i s  an  i n t r a m o l e c u l a r  p r o c e s s  b u t ,  so f a r ,  t h e  d a t a  co n ­
c e r n i n g  t h i s  p r o c e s s  h a s  n o t  l e n t  i t s e l f  t o  s e n s i b l e  a n a l y s i s .
C o n c e rn in g  o u r  work i n  t h i s  f i e l d ,  i t  may be  s t a t e d  t h a t  t h i s  
p a r t  o f  t h e  D i s s e r t a t i o n  c o n t r i b u t e s  l i t t l e  by way o f  new know ledge  
c o n c e r n in g  lu m in e s c e n t  s o l u t e s  i n  p l a s t i c  m e d ia .  I t  m e re ly  n o t e s  t h e  
p r e s e n c e  o f  two c u r i o u s  and i n e x p l i c a b l e  phenomena. Our e x p e r im e n ta l  
r e s u l t s  do n o t  d i f f e r  from  t h o s e  o f  K e l lo g g  and S ch w en k er , 24  who a l s o  
w ere  u n a b le  t o  come t o  any c o n c lu s i o n s  c o n c e r n in g  " d a r k  p r o c e s s e s " ,  as  
t h e y  s t y l e d  r a d i a t i o n l e s s  t r a n s i t i o n s ,
c )  O th e r ,  r e c e n t  w ork —
R e c e n t l y ,  Kropp and Dawson25 s t u d i e d  c o ro n e n e  i n  p o ly m e th y l ­
m e t h a c r y l a t e  and i n  DER-3J2, a  Dow C hem ica l  Company epoxy r e s i n .  They 
em ployed a  m ethod s i m i l a r  t o  t h e  one u s e d  h e r e  t o  s tu d y  s o l u t e  l u m in e s ­
c e n c e  i n  p l a s t i c s ;  th e y  c o v e re d  t h e  t e m p e r a t u r e  r a n g e  from  77°  K t o  
1)00° K. Our w ork w i t h  p h o s p h o re s c e n c e  l i f e t i m e  as  a  f u n c t i o n  o f  t e m p e r ­
a t u r e  y i e l d e d  t h e  same r e s u l t  a s  d i d  t h e i r s  w i t h i n  t h e  t e m p e r a t u r e  
r a n g e  w hich  we c o v e r e d .  Our h i g h e s t  t e m p e r a t u r e ,  h o w e v e r ,  was o n ly  
290° K. Above t h i s  t e m p e r a t u r e ,  .Kropp and Dawson r e p o r t  a s h a rp  d ro p  
i n  t h e  l i f e t i m e  o f  c o ro n e n e  p h o s p h o re s c e n c e  w i t h  t e m p e r a t u r e .  Upon
9b
m aking  A r r h e n iu s  p l o t s  a s  d e s c r i b e d  h e r e  i n  C h a p te r  I I  f o r  c o r o n e n e - h 12 
i n  b o t h  p o l y m e th y l m e t h a c r y l a t e  and DER-332, th e y  r e p o r t  f i n d i n g  an 
a c t i v a t i o n  e n e rg y  o f  b$)00 cm- 1 ; f o r  c o r o n e n e - d 12 i n  p o ly m e th y lm e th a ­
c r y l a t e  t h e  v a l u e  was 58OO cm- 1 . They c o n c lu d e  t h a t  t h e r e  i s  th e r m a l  
a c t i v a t i o n  o f  e n e rg y  from  t h e  t r i p l e t  s t a t e  o f  t h e  a r o m a t i c  s o l u t e  t o  
t h e  t r i p l e t  s t a t e  o f  t h e  p l a s t i c  m a t r i x .  T h u s ,  i t  seems s t r o n g l y  irf&i*- 
c a t e d  t h a t  i n  p l a s t i c  m a t r i c e s  t h e r e  i s  a l s o  an  i n t e r m o l e c u l a r  r a d i a t i o n -  
l e s s  p r o c e s s  w hich  i s  p r o p e r l y  r e p r e s e n t e d  by t h e  t h i r d  te rm  o f  ( V f ) .
Our i d e a s  c o n c e r n in g  t h e s e  p r o c e s s e s  h ad  t a k e n  a s i m i l a r  d i r e c t i o n ;  
h o w e v e r ,  o u r  e x p e r im e n t s  f a i l e d  t o  y i e l d  any l i f e t i m e  d a t a  above  290°  K 
b e c a u s e  t h e  p h o s p h o re s c e n c e  i n t e n s i t y  was t o o  low t o  a l l o w  m easu rem en ts  
o f  i t s  l i f e t i m e .
Kropp and Dawson s t a t e ,  h o w e v e r ,  t h a t  t h e r e  a r e  a l s o  some i n t r a -  
m o le c u la r  r a d i a t i o n l e s s  p r o c e s s e s  y e t  t o  b e  c l a r i f i e d .  T hese  p r o c e s s e s  
a r e  g r e a t l y  a f f e c t e d  by v i b r a t i o n a l  m odes26 and by F rank-C ondon  f a c t o r s ?7"29 
Thompson30 a l s o  makes t h i s  i n f e r e n c e ;  h o w e v e r ,  a t u n n e l l i n g  phenomenon 
h a s  a l s o  b e e n  s u g g e s t e d . 31
CHAPTER IV
LUMINESCING SOLUTES IN ALCOHOLIC SOLVENTS
1. I n t r o d u c t i o n
Most s t u d i e s  o f  lu m in e s c in g  s o l u t e s  i n  s o l v e n t s  w h ich  a r e  l i q u i d s  
a t  room t e m p e r a t u r e  a r e  made a t  c o n s t a n t  t e m p e r a t u r e .  When p h o s p h o r e s ­
c e n c e  i s  t o  b e  s t u d i e d ,  t h i s  t e m p e r a t u r e  u s u a l l y  i s  77° K, t h e  te m p e ra ­
t u r e  o f  b o i l i n g  l i q u i d  n i t r o g e n  s i n c e  t h a t  t e m p e r a t u r e  i s  e a s y  t o  m ain ­
t a i n .
I t  i s  n o t  t h e  u s u a l  p r a c t i c e  t o  employ such  s o l v e n t s  i n  t e m p e r a t u r e  
d ependence  s t u d i e s  su ch  as  w ere  c a r r i e d  o u t  u s i n g  m ixed c r y s t a l s  sy s te m s  
and p l a s t i c  m a t r i c e s .  Von F o e r s t e r 32  s t u d i e d  t h e  t e m p e r a t u r e . d e p e n d en c e  
o f  t h e  p h o s p h o re s c e n c e  l i f e t i m e  o f  s e v e r a l  s o l u t e s  ( c o r o n e n e ,  f l u o r a n -  
t h e n e ,  p h e n a n t h r e n e , c h r y s e n e  and b r a s a n )  i n  2 - p r o p a n o l .  He v a r i e d  t h e  
t e m p e r a t u r e  from  77° K t o  110° K. The b e h a v io r  o f  t h e  p h o s p h o re s c e n c e  
l i f e t i m e  o f  t h e s e  s o l u t e s  i n  t h i s  t e m p e r a t u r e  r a n g e  i s  shown i n  F i g u r e  
50 . I t  i s  s e e n  h e r e  t h a t  t h e  l i f e t i m e s  a p p ro a c h  z e ro  as  t h e  t e m p e r a t u r e  
a p p ro a c h e s  110° K. The m e l t i n g  p o i n t  o f  2 - p r o p a n o l  i s  I 9O0 K. T h e re  
i s  no a p p a r e n t  r e a s o n  why t h e  a r o m a t i c  s o l u t e s  s h o u ld  b e h a v e  a s  t h e  
f i g u r e  i l l u s t r a t e s .  We d e c id e d  t o  e x te n d  t h e  r a n g e  o f  t h e  t e m p e r a t u r e  
s t u d i e s  t o  s e e  w hat s o r t  o f  b e h a v io r  t h e  a r o m a t i c  s o l u t e s  e x h i b i t e d .
I t  was t h o u g h t  t h a t  some i n f o r m a t io n  m ig h t  b e  g a in e d  a b o u t  r a d i a t i o n -  
l e s s  t r a n s i t i o n s .
2 .  E x p e r im e n ta l
a )  A p p a ra tu s
The a p p a r a tu s  u se d  i n  t h e s e  s t u d i e s  was i d e n t i c a l  t o  t h a t  u s e d  
i n  t h e  o t h e r  s t u d i e s  r e p o r t e d  h e r e  w i t h  t h e  f o l l o w i n g  m o d i f i c a t i o n :  t h e
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FIGURE 50* L i f e t im e  v e r s u s  t e m p e r a tu r e  b e h a v io r  o f  v a r i o u s  a ro m a t ic  
s o l u t e s  i n  2- p r o p a n o l .
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sam ple  was c o n ta i n e d  i n  a  q u a r t z  tu b e  2 mm i n  d i a m e te r .  The tu b e  was 
f i t t e d  w i t h  a  th e rm o c o u p le  w hich  was immersed i n  t h e  s a m p le ;  t h e  tu b e  
was a l s o  f i t t e d  w i t h  a s id e - a r m  so t h a t  e v a c u a t io n  and s e a l i n g  would 
be  p o s s i b l e .
b )  C h em ica ls
P h e n a n th r e n e - d io  was fch e o n ly  s o l u t e  u s e d ;  i t  p o s s e s s e s  p h o s ­
p h o r e s c e n c e  o f  s t r o n g  i n t e n s i t y  and lo n g  l i f e t i m e .  T h is  s o l u t e  was 
u sed  a s  p r e p a r e d  f o r  m ixed c r y s t a l  w ork . The s o l v e n t s  w ere  s p e c t r o -  
g ra d e  and w ere  checked  f o r  lu m in e s c e n c e  b e f o r e  u s i n g ;  th e y  w ere  found 
t o  b e  s a t i s f a c t o r y .
3 . R e s u l t s  and d i s c u s s i o n
a )  R e s u l t s  and d i s c u s s i o n  o f  t h i s  work
The f i r s t  t r i a l  a t  r a i s i n g  t h e  t e m p e r a t u r e  above 110° K i n  
o r d e r  t o  o b s e rv e  p h o s p h o re s c e n c e  and m ea su re  i t s  l i f e t i m e  was done 
u s in g  a  s o l u t i o n  w hich  had  n o t  been  d e g a s s e d .  A p h o s p h o re s c e n c e  s p e c ­
trum  o f  p h e n a n th r e n e - d 10 i n  2 - p ro p a n o l  was made a t  80° K; t h e  co n c en ­
t r a t i o n  o f  s o l u t e  was 10“ 4 M. T h is  sp e c t ru m  i s  shown i n  F i g u r e  5I .
The s p e c t ru m  o f  t h e  same s o l u t e  i n  p o ly m e th y lm e th a c r y l a t e  a t  77° K i s  
shown i n  F i g u r e  52• In  b o th  c a s e s ,  t h e  s p e c t r a  a r e  p r a c t i c a l l y  i d e n t i c a l .
P h o s p h o re s c e n c e  l i f e t i m e  m easu rem en ts  w ere  begun a t  77° K; t h e  
t e m p e r a t u r e  was t h e n  a l lo w e d  t o  r i s e  i n  a c o n tro l le d  f a s h i o n  as  d e s c r i b e d  
e a r l i e r .  A l l  m easu rem en ts  w ere  made when t e m p e r a t u r e  o f  t h e  sam ple  
a p p e a re d  t o  be  c o n s t a n t  ( a s  s e e n  on t h e  r e c o r d e r )  and when t h e  phospho­
r e s c e n c e  i n t e n s i t y  was c o n s t a n t .  The l a t t e r  was o f t e n  d i f f i c u l t  t o  
a c h ie v e  i n  t h i s  s y s te m ,  f o r  i n  c e r t a i n  t e m p e r a t u r e  r a n g e s  t h e  p h o s -  
p h o r e s c e n c e  i n t e n s i t y  was v e ry  s e n s i t i v e  t o - t e m p e r a t u r e  c h a n g es  to o
FIGURE 51 . P h o s p h o re s c e n c e  s p e c t ru m  o f  p h e n a n th r e n e - d 10 i n  2 - p r o p a n o l .
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*FIGURE 52. P h o s p h o re s c e n c e  s p e c t ru m  o f  p h e n a n th r e n e - d 10 i n  l u c i t e .
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s m a l l  t o  r e g i s t e r  on t h e  r e c o r d e r  w hich  c o n s t a n t l y  m o n i to re d  t h e  tem p e r ­
a t u r e .  As 110° K was a p p r o a c h e d ,  t h e  l i f e t i m e  o f  t h e  p h o s p h o re s c e n c e  
d ropped  t o  o n e - t h i r d  o f  i t s  o r i g i n a l  v a l u e ;  t h i s  i s  shown i n  F i g u r e  53 .
The r a t e  o f  d e c r e a s e  o f  p h o s p h o re s c e n c e  i n t e n s i t y  was v e r y  l a r g e .  T h is  
i n t e n s i t y  d i d  n o t  d i s a p p e a r  a l t o g e t h e r , ,  b u t  i t  was to o  low t o  a l lo w  
m easurem en t o f  t h e  l i f e t i m e .  The r a t e  o f  p h o s p h o re s c e n c e  d ecay  i n  t h e  
r e g i o n  110 -128°  K a p p e a re d  t o  be o f  o r d e r  g r e a t e r  th a n  1 .  The r e g i o n  
110-128°  K gave some d i f f i c u l t y  i n  c o n t r o l l i n g  th e  t e m p e r a t u r e .  At 128° K 
and a b o v e ,  t h e  l i f e t i m e  and i n t e n s i t y  b o th  a p p ro a c h e d  t h e i r  fo rm e r  
v a l u e s .  T h e r e a f t e r ,  t h e  l i f e t i m e  g r a d u a l l y  d e c r e a s e d  w i th  t e m p e r a t u r e  
u n t i l  a b o u t  I 650 K, w here  a  f a s t  dow nturn  was n o t e d .  No d ecay  o f  o r d e r  
g r e a t e r  t h a n  one was o b s e r v e d .  At 182° K t h e  l i f e t i m e  was m ea su red  and 
found  to  b e  n e a r l y  2 s e c o n d s .  The b e h a v io r  o f  t h e  p h o s p h o re s c e n c e  i n ­
t e n s i t y  w i t h  t e m p e r a t u r e  f o r  a  n o i i -d e g a s s e d  sam ple  o f  p h e n a n th r e n e - d io  
i n  2 - p r o p a n o l  i s  shown i n  F i g u r e  5^ ,
An i d e n t i c a l  s o l u t i o n  was n e x t  d e g a ss e d  by f o u r  f r e e z e - t h a w  
c y c l e s  and t h e  same m easu rem en ts  w ere  made as  p r e v i o u s l y  d e s c r i b e d .
T h is  t im e ,  h o w e v e r ,  m easu rem en ts  w ere  made a t  d e c r e a s i n g  t e m p e r a tu r e s  
and t h e  f i r s t  was made a t  195°  K, t h e  t e m p e r a t u r e  o f  t h e  o n s e t  o f  
p h o s p h o re s c e n c e .  E x a m in a t io n  o f  F i g u r e  55 shows t h a t  a t  no t e m p e r a t u r e  
d i d  t h e  i n t e n s i t y  d e c r e a s e  t o  such  a v a lu e  t h a t  no l i f e t i m e  m easurem ent 
was p o s s i b l e .  When 77° K was r e a c h e d  t h e  m easu rem en ts  o f  l i f e t i m e  w ere  
made w i th  i n c r e a s i n g  t e m p e r a t u r e s .  I t  i s  s e e n  t h a t  t h e  b e h a v io r  i s  e s ­
s e n t i a l l y  t h e  same as  w i th  d e c r e a s i n g  t e m p e r a t u r e .  The minimum i n  t h e  
p h o s p h o re s c e n c e  l i f e t i m e  i s  r e a c h e d  now a t  a t e m p e r a t u r e  be tw een  110-  
117° K.
The n ex t s o lu t io n  s tu d ie d  was d eg a ssed  by n in e  fr e e z e - th a w  pro­
c e s s e s  and l i f e t i m e  m easurem ents were made. F ig u re  56 compares th e s e
>FIGURE 53 . L i f e t im e  v e r s u s  t e m p e r a t u r e  b e h a v io r  o f  p h e n a n th r e n e - d 10 
i n  2- p r o p a n o l ,  n o n - d e g a s s e d .
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FIGURE 5 ^ .  R e l a t i v e  i n t e n s i t y  v e r s u s  t e m p e r a t u r e  b e h a v io r  o f  phen an -  
t h r e n e - d 10 i n  2 - p r o p a n o l .  B roken  l i n e  — d e g a s s e d  by n i n e  
f r e e z e - t h a w  c y c l e s .  S o l i d  l i n e  — n o n - d e g a s s e d .
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FIGURE 55 . L i f e t i m e  v e r s u s  t e m p e r a t u r e  f o r  p h e n a n th r e n e - d 10 i n  
p r o p a n o l .  Open c i r c l e s  - -  d e c r e a s i n g  t e m p e r a t u r e s .  
F i l l e d  c i r c l e s  - -  i n c r e a s i n g  t e m p e r a t u r e s .
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FIGURE 56'. L i f e t im e  v e r s u s  t e m p e r a t u r e  f o r  p h e n a n th r e n e - d 10 i n  2 -  
p r o p a n o l .  B roken l i n e  — d e g a s s e d  by n i n e  f r e e z e - t h a w  
c y c l e s .  S o l i d  l i n e  - -  n o n - d e g a s s e d .
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m easu rem en ts  w i t h  a  n o n - d e g a s s e d  sam p le .  A minimum f o r  t h e  l i f e t i m e  
o f  p h o s p h o re s c e n c e  b e h a v io r  i n  t h i s  sam ple  a p p e a r s  a t  s l i g h t l y  be lo w  
lk0°  K. I n  t h i s  c a s e ,  t h e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  d e c r e a s e s  
r a p i d l y  from  80°  K and t h e  r a t e  o f  d e c r e a s e  i s  g r e a t e s t  a t  110° K, b u t  
n e v e r  r e a c h e s  t h e  low er  v a lu e  w hich  t h e  n o n - d e g a s s e d  sam ple  r e a c h e s .
I n  t h e  t e m p e r a t u r e  r a n g e  I l j0 -1 8 0 °  K t h e  d e g a s s e d  sam ple  r e c o v e r s  a b o u t  
tw ic e  t h e  p h o s p h o re s c e n c e  i n t e n s i t y  w hich  t h e  n o n - d e g a s s e d  sam ple  d o e s .  
T h e re  i s  h e r e ,  h o w e v e r ,  no q u a l i t a t i v e  d i f f e r e n c e  be tw e en  t h e  two 
sam p les  a s  e x h i b i t e d  by t h i s  g r a p h .  The n o n - d e g a s s e d  sam ple  and t h e  
sam ple  d e g a s s e d  by n i n e  f r e e z e - t h a w  c y c l e s  e x h i b i t  g r e a t  q u a l i t a t i v e  
d i f f e r e n c e s  in  l i f e t i m e  b e h a v io r  a s  shown by F i g u r e  56 .
I t  was n e x t  d e s i r e d  t o  u s e  a d i f f e r e n t  a l c o h o l  i n  w h ich  t o  make 
p h o s p h o re s c e n c e  l i f e t i m e  m e a s u re m e n ts ;  n - b u t a n o l  (m.p . I 830 K) was 
c h o s e n ,  f o r  p h e n a n th r e n e - d x o  d i s s o l v e d  e a s i l y  t o  form  a  10"3 s o l u ­
t i o n  and i t  had  a m e l t i n g  p o i n t  o n ly  f i v e  d e g r e e s  lo w e r  t h a n  d i d  2- 
p r o p a n o l  (m .p .  I 850 K ) . F i g u r e  57 i s  t h e  p h o s p h o re s c e n c e  s p e c t ru m  o f  
p h e n a n th r e n e - d 10 b u t a n o l .  I t  i s  s e e n  t h a t  t h i s  s p e c t ru m  i s  p r a c t i c ­
a l l y  i d e n t i c a l  t o  t h o s e  e m is s io n  s p e c t r a  o f  t h e  same s o lu te -  i n  2 - p r o p a n o l  
and i n  p o l y m e th y l m e t h a c r y l a t e .  L i f e t im e  and i n t e n s i t y  m easu rem en ts  f o r  
t h i s  sy s tem  w ere  made as  b e f o r e  and p l o t t e d  a g a i n s t  t e m p e r a t u r e ,  t h e  
r e s u l t s  o f  w h ich  a r e  shown i n  F i g u r e  58* The b e h a v io r  o f  l i f e t i m e  
w i t h  t e m p e r a t u r e  f o r  t h e  sam ple  w hich  was n o t  d e g a s s e d  i s  v e r y  much 
l i k e  t h o s e  sy s te m s  o f  t h e  same s o l u t e  i n  2 - p r o p a n o l .  The minimum o f  
t h e  l i f e t i m e  f a l l s  a t  I I 50 K. —Between 1 2 0 - l l j0 °  K t h e  p h o s p h o re s c e n c e  
i n t e n s i t y  i s  v e ry  low and t h e  d ecay  o f  t h a t  i n t e n s i t y  i s  h i g h e r  t h a n
0
f i r s t  o r d e r .
FIGURE 57. Phosphorescence spectrum of phenanthrene-d1Q in butanol.
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FIGURE 58 . L i f e t im e  v e r s u s  t e m p e r a t u r e  and r e l a t i v e  i n t e n s i t y  o f
p h o s p h o re s c e n c e  v e r s u s  t e m p e r a tu r e  f o r  p h e n a n th r e n e - d 10 
i n  b u t a n o l .  N o n -d e g a sse d .
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From t h e  r e s u l t s  o f  von  F < o e rs te r ,  i n  w hich  t h e  p h o s p h o re s c e n c e  
l i f e t i m e s  o f  s e v e r a l  d i f f e r e n t  a ro m a t ic  h y d ro c a rb o n s  i n  2- p r o p a n o l  and 
i n  h e x a n e  w ere  i n v e s t i g a t e d ,  a s h a rp  d e c r e a s e  i n  t h e  l i f e t i m e s  i s  e v i ­
d e n t  a t  110°  K i n  t h e  a l c o h o l  b u t  no such  b e h a v io r  i s  s e e n  i n  a  h e x a n e  
s o l v e n t .  Hexane b e h a v e s  l i k e  t h e  p l a s t i c  m a t r i x  sy s te m s  and l i k e  m ixed 
c r y s t a l s  w here  AE i s  g r e a t e r  t h a n  3500 cm- 1 . T hese  r e s u l t s  o f  s t u d i e s  
w i th  a l c o h o l  s o l v e n t s  a r e  r e p o r t e d  h e r e  w i t h  t h e  a d d i t i o n a l  d a t a  on t h e  
b e h a v io r  o f  p h o s p h o re s c e n c e  i n t e n s i t y  as  weL1 a s  t h e  l i f e t i m e  b e h a v io r  
o f  t h e  s o l u t e  a t  t e m p e r a t u r e s  e x c e e d in g  110° K. T hese  r e s u l t s  i n d i c a t e  
t h a t  d i s s o l v e d  oxygen p l a y s  a  l a r g e  p a r t  i n  t h e  b e h a v io r  o f  t h e  l i f e t i m e  
b u t  h a s  l i t t l e  e f f e c t  on th e  i n t e n s i t y  o f  p h o s p h o re s c e n c e  a s  t h e  te m p e r ­
a t u r e  i s  v a r i e d .  The d i s s o l v e d  oxygen c a n  th e n  e x p l a i n  o n ly  p a r t  o f  
t h i s  b e h a v i o r .  No p h a s e  c hange  i s  known f o r  a l c o h o l s  and i f  t h e r e  
w e r e ,  i t  would s c a r c e l y  a c c o u n t  f o r  t h e  b ro a d  t e m p e r a t u r e  r e g i o n s  i n  
w hich  t h e  p h o s p h o re s c e n c e  i n t e n s i t y  i s  v e r y  low ( I 2 0 - l l j 0 °  K ) .  I n  te rm s  
o f  [ T i ]  and t h e  r a t e  c o n s t a n t s ,  k ^ p ,  i t  c a n  be  s t a t e d  t h a t  t h e  r a d i a -  
t i o n l e s s  r a t e  c o n s t a n t ,  k ^ p ,  f o r  p h o s p h o re s c e n c e  q u e n c h in g ,  and  p C i] ,  
t h e  t r i p l e t  c o n c e n t r a t i o n s ,  a r e  b o th  a f f e c t e d  up t o  110° K i n  t h e  n o n ­
d e g a s s e d  s a m p le s ,  s i n c e  b o th  t h e  l i f e t i m e  and i n t e n s i t y  o f  p h o s p h o re s c e n c e  
d e c r e a s e  a t  v e ry  n e a r l y  t h e  same r a t e .  I n  t h e  r e g i o n  above  l i j0 °  K b o th  
l i f e t i m e  and i n t e n s i t y  r e c o v e r  a b o u t  t w o - t h i r d s  o f  t h e  o r i g i n a l  v a l u e s ,  
b u t  a s  t h e  m e l t i n g  p o i n t  o f  b o th  a l c o h o l s  i s  a p p ro a c h e d  (~180°  K) i t  i s  
s e e n  t h a t  [Tx ] and k^ p  change  r a p i d l y  and n o t  i n  a  " c o m p e n s a t in g "  f a s h i o n  
f o r  t h e  l i f e t i m e  does  n o t  d e c r e a s e  a lo n g  w i t h  t h e  p h o s p h o re s c e n c e
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i n t e n s i t y .  H ere  t o o ,  oxygen  h a s  an e f f e c t  on p h o s p h o re s c e n c e  l i f e ­
t im e .  F o r  t h e  sam ple  w h ich  was d e g a s s e d  w i th  n i n e  f r e e z e - t h a w  c y c l e s  
( F ig u r e  56 ) ,  t h e  p h o s p h o re s c e n c e  l i f e t i m e  was m easu red  se v en  d e g re e s  
above t h e  m e l t i n g  p o i n t .  The p h o s p h o re s c e n c e  i n t e n s i t y  was w eak , b u t  
s u f f i c i e n t  t o  make t h e  m easurem ent o f  l i f e t i m e .  T h is  was n o t  p o s s i b l e  
f o r  t h e  n o n - d e g a s s e d  sam ple  w hich  e x h i b i t e d  some p h o s p h o re s c e n c e  i n ­
t e n s i t y  b u t  whose d e c ay  was n o t  f i r s t - o r d e r .
B u ta n o l  b e h a v ed  e s s e n t i a l l y  t h e  same a s  d i d  t h e  2 - p ro p a n o l  a s  
a  s o l v e n t  f o r  p h e n a n th r e n e - d x o .  At 170° K t h e  b u t a n o l  sy s te m  w hich  
was n o t  d e g a s s e d  h a d  no p h o s p h o re s c e n c e  i n t e n s i t y ,  b u t  t h e  l i f e t i m e  
had  d e c r e a s e d  t o  s l i g h t l y  u n d e r  tw e lv e  se co n d s  from  a  maximum o f  
n e a r l y  f i f t e e n  s e c o n d s .  T h is  i s  d i f f e r e n t  from  t h e  2 - p ro p a n o l  sy s te m  
w hich  was n o t  d e g a s s e d ,  f o r  t h e  l i f e t i m e  o f  t h e  p r o p a n o l  sy s te m  d e ­
c r e a s e d  r a p i d l y  a f t e r  i t  r e a c h e d  a  maximum a t  l l |0 °  K.
b ) Summary
The r e s u l t s  o f  t h e  two sy s te m s  may be  sum m arized as f o l l o w s :
1) Q u a l i t a t i v e l y  t h e r e  i s  no d i f f e r e n c e  i n  t h e  p h o s p h o re s c e n c e  
i n t e n s i t y - t e m p e r a t u r e  g ra p h s  f o r  t h e  d e g a s s e d  and n o n -d e g a s s e d  i s o p r o p y l  
a l c o h o l  s o l u t i o n ;  t h i s  q u a l i t a t i v e  l i k e n e s s  e x te n d s  t o  t h e  b u t a n o l  
s o l u t i o n  a s  w e l l .
2 )  D i s s o lv e d  oxygen h a s  an e f f e c t  on t h e  l i f e t i m e  o f  t h e  p h o s ­
p h o r e s c e n c e  by enhancem en t o f  t h e  p h o s p h o re s c e n c e  q u e n c h in g  p r o c e s s ,
o r  c o n v e r s e l y ,  by  i n c r e a s i n g  k ^ p .
From 1) and 2) a b o v e ,  i t  may b e  r e s t a t e d  t h a t  t h e  two e f f e c t s  
a r e  c o m p le te ly  in d e p e n d e n t  o f  each  o t h e r  a t  lo w e r  t e m p e r a t u r e  ( 110-  
lljO0 K ). D i s s o lv e d  oxygen i n  t h e  a l c o h o l  d e c r e a s e s  t h e  l i f e t i m e  o f  t h e
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p h o s p h o re s c e n c e  as  t h e  t e m p e r a t u r e  i s  r a i s e d ,  b u t  does  n o t  g r e a t l y  a f ­
f e c t  t h e  p h o s p h o re s c e n c e  i n t e n s i t y .  To a c c o u n t  f o r  t h e  l a t t e r  e f f e c t ,  
a n o th e r  f a c t o r  i s  i n v o lv e d  and t h i s  m ust be due t o  t h e  n a t u r e  o f  t h e  
s o l v e n t  i t s e l f .  T h e re  a r e  a p p a r e n t l y  some weak i n t e r a c t i o n s  o f  t h e  
a ro m a t ic  s o l u t e  and t h e  a l c o h o l  s o l v e n t  w hich  i n t e n s i f y  a s  t h e  t e m p e ra ­
t u r e  i s  r a i s e d  t o  110° K and w hich  r e t a i n s  t h i s  d e g re e  o f  i n t e r a c t i o n  
u n t i l  t h e  sy s te m  a c q u i r e s  enough v i b r a t i o n a l  e n e rg y  a t  li£>° K t o  d e s t r o y  
t h e  i n t e r a c t i o n .  The n a t u r e  o f  t h e  i n t e r a c t i o n  i t s e l f  i s  a t  t h i s  p o i n t  
a m a t t e r  o f  c o n j e c t u r e ,  b u t  i t  may t e n t a t i v e l y  be  te rm ed  a  " c o m p le x " ;  
t h i s  te rm  i s  u s e d  h e r e  w i th  c a u t i o n ,  h o w e v e r ,  due t o  t h e  d o c u m e n ta t io n  
o f  know ledge a b o u t  t r u e  m o le c u la r  c o m p le x e s . 33 Em ploying t h i s  t e n t a ­
t i v e  and p e rh a p s  i n a c c u r a t e  c o n c e p t  c o n c e r n in g  t h e s e  p r o c e s s e s ,  t h e  
s u g g e s t i o n  m ig h t  be  advanced  t h a t  a t  ~80° K t h e  s o l u t e  a b s o rb s  e n e rg y  
t o  go t o  some e x c i t e d  s t a t e ,  s i n g l e t  o r  t r i p l e t ;  i n  t h i s  e x c i t e d  s t a t e  
i t  fo rm s a  "com plex"  w i t h  s o l v e n t  m o le c u le s .  I n  t h i s  com plex  t h e  
"n o rm a l"  lu m in e s c e n c e  p r o p e r t i e s  o f  t h e  s o l u t e  a r e  i n h i b i t e d  u n t i l  t h e  
t e m p e r a t u r e  e x c e e d s  l^tO0 K; t h i s  t e m p e r a t u r e  a l lo w s  a  r e c o v e r y  o f  an  
i n c r e a s e  i n  t h e  p h o s p h o re s c e n c e  i n t e n s i t y  and o f  t h e  l i f e t i m e .  The 
p r o c e s s  o f  " co m p lex a t io n "m a y  b e  i l l u s t r a t e d  i n  t h e  f o l l o w i n g  way; A
i s  t h e  a ro m a t ic  s o l u t e  and S i s  t h e  a l c o h o l  s o l v e n t :
A • (S )x  +  h v  “• A* • ( S )x  -♦ (ASx)*
T h is  i n t e r a c t i o n  i s  presum ed n o t  t o  f u n c t i o n  b e lo w  --80o K n o r  h i g h e r
t h a n  a b o u t  I 5O0 K. The s p e c i e s  (ASx)* i s  t h e  "com plex"  i n  w h ic h  t h e  
a ro m a t ic  s o l u t e  i s  w i t h o u t t h e  a b i l i t y  t o  l u m in e s c e .  T h is  a b i l i t y  t o  
i n h i b i t  t h e  s o l u t e  e m is s io n  p r o p e r t i e s  (an d  t h e r e f o r e  p e rh a p s  t h e  ab ­
s o r p t i o n  p r o p e r t i e s )  i s  a  c h a r a c t e r i s t i c  o f  t h e  two a l c o h o l  s o l v e n t s ,
Ill
s i n c e  we h a v e  s e e n  t h a t  2 - p r o p a n o l  and b u t a n o l  h a v e  v e ry  s i m i l a r  g r o s s  
e f f e c t s  and o n ly  d i f f e r  i n  d e t a i l .
c )  O th e r  work w i t h  a l c o h o l  s o l v e n t s
An a l c o h o l  h a s  b e e n  u s e d 3 4  i n  S te rn -V o lm e r  s t u d i e s  on lu m in e s c ­
in g  s o l u t e s  b u t  t h e s e  r e s u l t s  a r e  o f  d o u b t f u l  v a l u e  t o  u s , f o r  t h e  
a l c o h o l  was t e r t i a r y  and no s t r o n g  i n t e r a c t i o n s  w i t h  a l c o h o l  a r e  s e e n  
f o r  t h a t  s y s te m . The i n t e r a c t i o n  se en  h e r e  i s  p r o b a b ly  t h e  a l c o h o l  
i n t e r a c t i n g  w i t h  t h e  a r o m a t i c  s o l u t e ;  B a s i l a  e t  a l .  p o s t u l a t e  t h a t  a  
s m a l l  number o f  s o l v e n t  m o le c u le s  become a s s o c i a t e d  w i t h  a  s o l u t e  m o le ­
c u l e . 35 Work s i m i l a r  t o  t h e i r s  r e p o r t e d  by S z e p a n ia k  and T ram er36 
shows t h a t  p o l y n u c l e a r  a r o m a t i c s  e x h i b i t  v e r y  weak i n t e r a c t i o n s  by  
h y d ro g en  b o n d in g  t o  a l c o h o l s .  T h a t  h y d ro g e n  b o n d in g 37 i s  s t r o n g  enough 
t o  d e a c t i v a t e  t h e  l u m in e s c in g  s o l u t e  a t  h i g h e r  t e m p e r a t u r e s  i s  q u e s ­
t i o n a b l e .  Oxygen as  an e l e c t r o n  dono r  t o  i o d i n e  w here  t h i s  oxygen  i s  
a  bound atom  i n  an e t h e r 3 8 -4 1  and i n  a  d i e t h e r , 42 may somehow h e l p
c l a r i f y  t h i s  p ro b le m . I f  such  a  bound oxygen atom i n  an e t h e r  c a n
d o n a te  a  p a i r  o f  i t s  n o n -b o n d in g  e l e c t r o n s  t o  an empty o r b i t a l  o f  
i o d i n e , p e rh a p s  a n o n -b o n d in g  p a i r  from  an oxygen atom o f  an  a l c o h o l  
a l s o  h a s  dono r  p r o p e r t i e s .  I t  may be t h a t  i n  t h e  t e m p e r a t u r e  r a n g e  
110-ll)OoK t h i s  bound oxygen atom d o n a te s  a p a i r  o f  n o n -b o n d in g  e l e c t r o n s  
t o  an  a n t i - b o n d i n g  o r b i t a l  o f  t h e  a r o m a t i c .
R e c e n t  w ork4 3 ’ 44 shows t h a t  t h e r e  a r e  s t r o n g  i n t e r a c t i o n s  
be tw een  d i e t h y l  a n i l i n e  and c e r t a i n  a r o m a t i c  compounds; t h e  c o m p le x es  
t h u s  form ed a r e  n o t  s p e c i f i e d  as  t o  s t r u c t u r e ,  b u t  t h a t  t h e  n i t r o g e n  
atom o f  t h e  amine group  a f f e c t s  t h i s  i n t e r a c t i o n  i s  a  s t r o n g  p o s s i ­
b i l i t y . 45 T h a t  oxygen c o u ld  e n t e r  i n t o  such  s t r o n g  i n t e r a c t i o n s  i s  
s t i l l  an open q u e s t i o n .
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4 .  C o n c lu s io n s
I t  i s  c l e a r  t h a t  t h e  b e h a v io r  o f  t h e  p h o s p h o re s c e n c e  l i f e t i m e  o f  
t h e  a r o m a t i c  s o l u t e  a s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  i n  a l c o h o l i c  s o l ­
v e n t s  i s  n o t  a t  a l l  u n d e r s t o o d .  T hese  s t u d i e s  h a v e  n o t  r e s u l t e d  i n  a 
b e t t e r  u n d e r s t a n d i n g  o f  t h e  c h a n g es  w hich  t a k e  p l a c e  i n  t h e  r e l a t i v e  
m a g n i tu d e s  o f  r a t e  c o n s t a n t s .  I t  would be d e s i r a b l e  t o  have  a b s o r p t i o n  
s p e c t r a  a t  r e g u l a r  i n t e r v a l s  o f  t e m p e r a t u r e ;  t h i s  would  b e  o f  a i d  i n  
t h e  i n t e r p r e t a t i o n  o f  t h e  e m is s io n  s p e c t r a  p ro v id e d  t h e  a b s o r p t i o n  
s p e c t r a  would  a l s o  e x h i b i t  s i g n i f i c a n t  c h a n g e s .
T h i s  w ork , l i k e  t h a t  o f  sy s te m s  o f  a ro m a t ic  s o l u t e s  i n  p o ly m e th y -  
m e t h a c r y l a t e ,  does  n o t  c o n t r i b u t e  a n y th in g  t o  t h e  u n d e r s t a n d in g  o f  
r a d i a t i o n l e s s  p r o c e s s e s .  I t  does  p r e s e n t  t h e  r e s u l t s  o f  q u i t e  a  l o t  
o f  e x p e r i m e n t a t i o n  w hich  r a i s e s  more q u e s t i o n s  t h a n  h a s  t h e  work o f  
Von F o e r s t e r ,  b u t  i t  h a s  answ ered  none o f  t h e  p r i o r  q u e s t i o n s .
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